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SECTION  I:  OVERVIEW 


The  goal  of  this  project  is  to  determine  for  rigid  rod  polymer  fibers  and 
films  the  relationships  between  mechanical  properties  and  sample  microstructures 
and  to  use  this  knowledge  to  obtain  the  maximum  in  strength  and  modulus  for 
these  materials.  The  fibers  and  films  of  poly(p-phenylene  benzobisthiazole) 
(PBT)  which  have  been  investigated  were  produced  at  Celanese  Research  Corpora¬ 
tion  (Dr.  E.  C.  Chenevey)  from  liquid  crystalline  solutions  using  a  dry-jet  wet- 
spin  process  for  fibers  and  films.  The  PBT  used  in  the  study  of  crystal 
solvates  was  prepared  by  J.  Wolfe  of  SRI. 

Structural  studies  involved  primarily  optical  microscopy,  electron 
microscopy  (both  scanning  and  transmission)  and  wide  angle  x-ray  scattering. 
Spectroscopic  studies  employed  Fourier  transform  infrared  spectroscopy  to  deter¬ 
mine  residual  acid  and  water  content  in  films  as  well  as  the  parallel  and  per¬ 
pendicular  indices  of  refraction.  Mechanical  behavior  was  measured  in  uniaxial 
tension  over  a  range  of  strain  rates  and  temperatures.  A  special  force- 
temperature  apparatus  permitted  assessment  of  the  thermal  expansion  coefficient 
of  PBT. 

The  microstructural  studies  concentrated  on  the  structure  developed 
during  the  fast  coagulation  stage  of  the  spinning  process,  as  well  as  the  struc¬ 
ture  obtained  by  slow  coagulation  of  a  quiescent  isotropic  polymer  solution. 

The  structure  formed  in  the  coagulation  stage  of  the  spinning  process  of 
poly(p-phenylene  benzobisthiazole)  fiber  was  examined  by  transmission  electron 
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microscopy  of  epoxy  impregnated  fibers.  An  oriented  network  of  microfibrils  with 
typical  fibril  diameters  of  about  80-100A  was  observed.  We  suggest  that  these 
microf ibri Is  are  the  fundamental  structural  elements  of  the  fiber.  Thus 
knowledge  of  the  mechanism  by  which  this  initial  structure  is  formed  may  allow 
for  better  control  of  final  fiber  properties. 

Growth  of  crystal  solvates  in  the  PBT/MSA  system  was  observed  for  the 
first  time  through  the  slow  diffusion  of  water  into  the  quiescent  isotropic 
solution.  Identification  of  the  solid  as  at  least  one  (and  possibly  two  or 
three)  solvate(s)  was  by  diffraction  and  thermodynamic  measurements.  Upon 
observation  under  an  optical  microscope,  negative  spherulites  from  this  system 
were  observed.  The  tangential  orientation  of  the  rigid  PBT  chains  in  the 
spherulites  indicated  by  the  optical  microscope  were  confirmed  using  an  electron 
microscope  for  both  direct  visualization  and  diffraction  studies  of  residual  dried 
PBT. 

The  crystalline  PBT  left  as  a  residue  upon  removal  of  the  acid  solvent  was 
also  investigated.  Lamellae  were  observed  whose  thickness  corresponds  closely 
with  the  molecular  length  of  the  PBT  used.  The  path  dependent  morphology  of  these 
samples  was  discussed  and  texturing  of  the  PBT  was  described.  For  the  first 
time  a  c  axis  projection  electron  diffraction  pattern  is  obtained  and  reported. 
This  represents  the  first  significant  departure  from  the  unit  cell  obtained 
by  Roche,  et  al.,  and  points  to  the  probability  of  polymorphism  for  PBT. 

Phase  behavior  after  the  Ciferri  and  Krigbaum  approach  was  investigated 
and  a  pseudo-binary  schematic  phase  diagram  for  the  PBT/MSA. H^O  system  was  pre¬ 
sented.  The  relation  of  structure  formation  during  fast  and  slow  coagulation  to 
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the  phase  diagram  of  a  rigid  polymer  solution  and  to  the  kinetic  mechanism  of 
the  phase  transition  was  discussed  in  terms  of  nucleation  and  growth. 

Spectroscopic  measurements  employed  the  attenuated  total  reflectance 
technique  in  conjunction  with  transmission  infrared  spectroscopy  to  quan¬ 
titatively  determine  the  residual  water  and  acid  content  in  poly(p-phenylene 
benzobisthi azole)  films.  It  was  shown  that  post-processing  annealing,  even  with 
very  moderate  temperatures,  can  remove  the  water  effectively.  The  acid  was 
found  mainly  in  the  interior  of  the  film.  Post-processing  annealing  at  high 
temperature  can  remove  acid  as  well.  Rut  films  exposed  to  such  high  temperature 
treatment  do  show  new  spectroscopic  features  suggesting  that  the  polymer  struc¬ 
tures  have  been  altered.  Using  the  absorbance  values  measured  by  infrared  irra¬ 
diation,  the  birefringence  of  poly(p-phenylene  benzobisthiazole)  has  been  deter¬ 
mined  to  be  0.88  +  0.04  in  the  infrared  region,  a  value  much  smaller  than  pre¬ 
viously  suggested,  but  close  to  that  of  poly(p-phenylene  terephthalate) . 

The  mechanical  properties  of  PBT  films  feature  an  interesting  temperature 
and  strain  rate  dependence.  The  elastic  modulus  and  yield  behavior  have  been 
studied  over  a  wide  temperature  range  from  30°C  to  650°C.  The  onset  of  a  struc¬ 
tural  reorganization  is  observed  at  about  300°C.  The  dependence  of  yield  stress 
on  strain  rate  at  different  temperatures  was  examined  in  terms  of  the  Eyring 
theory  of  an  activated  rate  process.  It  was  found  that  the  stress  activation 
volume  varies  with  temperature.  The  overall  elastic-plastic  behavior  as  a  func¬ 
tion  of  temperature  and  strain  rate  was  interpreted  in  terms  of  a  previously 
suggested  model  that  incorporates  residual  stresses  in  a  rigid  rod-like  polymer. 
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Enhancement  of  modulus  was  also  observed  due  to  deformation  of  the  films  under 
elevated  temperatures,  where  better  molecular  orientation  and  lateral  ordering 
are  achieved. 

The  force  versus  temperature  behavior  (at  constant  length)  of  poly- 
(p-phenylene  benzobisthiazole)  fibers  (PBT)  and  Kevlar  fibers  was  also  investi¬ 
gated.  Thermal  expansion  coefficients  were  -1.1  x  10“6/°C  and  -3.2  x  KTP/°C, 
respectively,  for  heat  treated  PBT  (PBT-HT)  and  Kevlar®  49.  Kevlar®  49, 

PBT-HT,  and  steel  fibers  exhibit  a  linear  thermal  elastic  behavior  whereas 
Kevlar®  29  and  as-spun  PBT  do  not.  Material  changes  which  occur  during  heat 
treatment  processing  are  detected  in  the  force-temperature  profile.  A 
correspondence  between  thermal  and  mechanical  energy  input  has  been  found  to 
induce  these  material  changes. 

The  following  documents  based  on  the  above  research  have  been  published. 

1.  Y.  Cohen  and  E.L.  Thomas,  Polym.  Engr.  and  Sci.  25,  1093  (1985) 

"Structure  Formation  During  Spinning  of  Poly(p-pKenylene  benzobis¬ 
thiazole)  Fiber." 

2.  H.H.  Frost,  Master's  Thesis,  University  of  Massachusetts,  September,  1984, 
"Microstructure  and  Phase  Behavior  of  Pol.y(Para-Phenylene  Benzobisthia- 
zole)/Methane  Sulfonic  Acid  Crystal  Solvates." 

3.  C.  Chang  and  S.L.  Hsu,  J.  Polym.  Sci.,  Polym.  Phys.  Ed.  23,  2307  (1986) 
"Spectroscopic  Analysis  of  Poly(p-phenylene  benzobisthiazole)  Films." 

4.  L.  Feldman,  R.J.  Farris  and  E.L.  Thomas,  J.  Mat.  Sci.,  to  be  published, 
"Temperature  and  Strain  Rate  Dependence  of  the  Deformation  Behavior  of 
Poly (p-pheny 1 ene  benzobisthiazole ) . " 

5.  L.A.  Pottick,  S.R.  Allen  and  R.J.  Farris,  J.Appl.  Polym.  Sci.  29,  3915 
(1984).  "Force-Temperature  Behavior  of  Rigid  Rod  Polymeric  Fibers." 
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SECTION  II:  STRUCTURE  FORMATION  DURING  SPINNING  OF  PBT  FIBER 


A.  Introduction 

High  performance  fibers  obtained  from  lyotropic  solutions  of  rigid  polymers 
by  the  dry- jet  wet  spinning  process  have  been  a  subject  of  much  interest  due  to 
their  excellent  mechanical  properties.  The  fiber  spinning  process  involves 
several  operations  in  whch  a  polymer  solution  undergoes  a  succession  of  struc¬ 
tural  changes,  leading  to  the  final  solid  fiber,  as  outlined  in  Table  II. A. 1. 

In  the  coagulation  stage  a  liquid  to  solid  phase  transition  is  induced,  either 
by  diffusion  of  a  non-solvent  or  by  a  decrease  in  temperature.  It  is  reasonable 
to  assume  that  the  structure  formed  by  this  phase  transition  is  the  basis  for 
the  structure  of  the  final  fiber.  Thus,  a  better  understanding  of  the  possible 
equilibrium  phases,  the  kinetic  pathways  between  them,  and  their  relation  to  the 
structure  formed  during  coagulation  may  allow  better  control  of  the  structure  of 
the  final  fiber  and  its  properties. 

Poly  p-phenylenebenzobisthi azole  (PBT)  is  a  rigid  polymer  from  which  high 
modulus,  high  strength  fibers  are  spun  (1,2).  The  object  of  this  study  is  to 
describe  the  structure  formed  in  the  coagulation  stage  of  PBT  fiber  spinning, 
prior  to  the  drying  process;  an  attempt  is  made  to  relate  the  formation  of  this 
structure  to  the  phase  diagram  of  a  rigid-polymer  solution  and  to  possible 
mechanisms  of  phase  separation. 

B.  Experimental  Section 

PBT  (inherent  viscosity  of  18  in  methane  sulfonic  acid,  molecular  weight 
about  25,000)  was  synthesized  by  0.  Wolfe  (3).  A  5.6%  w/w  solution  in 
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polyphosphoric  acid  (PPA)  was  spun  through  a  180  micron  die,  extended  2:1  in  an 
air  gap,  coagulated  in  water  at  room  temperature  and  kept  subsequently  immersed 
in  water. 

To  preserve  as  much  as  possible  the  structure  of  the  coagulated  fiber 
during  sample  preparation  for  electron  microscopy,  a  procedure  for  impregnating 
the  wet  fiber  with  Spurr  epoxy  resin  (4)  was  used,  as  follows: 

1.  Gradual  exchange  of  water  to  ethanol 

2.  Infiltration  with  Spurr  resin 

3.  The  impregnated  fiber  was  mounted  and  cured  in  polyethylene  capsules. 

Longitudinal  sections  were  cut  using  a  Reichert  ultramicrotome  with  a 

diamond  knife.  The  cutting  direction  was  done  both  parallel  and  perpendicular 
to  the  fiber  direction. 

The  sections  were  viewed  in  a  JEOL  100CX  electron  microscope,  operated  at 
100  KeV. 

C.  Results  and  Discussion 

A  longitudinal  section  of  a  coagulated  PBT  fiber  infiltrated  with  epoxy 
resin  is  shown  in  figure  II.C.l.  At  low  magnification  (figure  Il.C.la),  the  fibrillous 
appearing  PBT  is  seen  to  be  embedded  in  the  epoxy  resin.  During  longitudinal 
sectioning  parallel  to  the  fiber  direction,  the  knife  detached  some  fragments  of 
the  fiber  from  the  section  (arrows  in  figure  Il.C.la).  This  allows  imaging  of  the 
underlying  fine  structure  with  minimum  interference  from  projection-overlap  of 
the  three  dimensional  structure  onto  the  two-dimensional  image.  A  higher  magni¬ 
fication  image  of  the  thin  part  in  the  outlined  area,  with  correct  relative 
orientation,  is  given  in  figure  Il.C.lb.  Dark  longitudinal  striations  appear  at  low 
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contrast,  each  about  80-100/  in  width,  forming  a  highly  oriented  interconnected 
network  in  which  junction  points  and  branches  can  be  observed.  Electron 
diffraction  patterns  taken  with  a  two  micron  selected  area  aperture  from  the 
inner  portion  of  the  sectioned  fiber  exhibit  the  characteristic  PBT  fiber 
diffraction  pattern,  as  indexed  by  wide  angle  X-ray  scattering  from  a  wet  fiber, 
as  well  as  the  diffuse  ring  characteristic  of  the  amorphous  epoxy  resin.  This 
gives  evidence  that  the  epoxy  resin  has  infiltrated  to  within  the  PBT  fiber.  We 
interpret  the  structure  shown  in  figure  lb  as  an  interconnected  network  of 
highly  oriented  PBT  microfibrils  within  a  continuous  epoxy  matrix.  The  PBT 
microfibrils  appear  darker  due  to  two  contrast  mechanisms.  The  density  dif¬ 
ference  between  PBT  (1.5  gr/cm3)  and  epoxy  resin  (about  1.0  gr/cm3)  results  in 
stronger  scattering  of  electrons  by  the  microfibrils.  In  addition,  due  to  the 
crystalline  nature  of  the  microfibrils,  part  of  the  intensity  diffracted  by  them 
is  blocked  by  the  objective  aperture  used  in  obtaining  the  image. 

On  the  basis  of  the  electron-microscopic  observation  we  conclude  that  the 
structure  formed  during  the  coagulation  stage  of  PBT  fiber  spinning  is  an  inter¬ 
connected  network  of  highly  oriented  microfibrils.  We  feel  that  the  micro¬ 
fibrils  are  the  fundamental  structural  elements  of  the  final  fiber.  Their 
interconnectivity  may  be  important  for  high  tensile  strength,  and  the  width  of 
the  microfibrils  may  be  related  to  the  compressive  strength  of  the  fiber  (5). 
Thus,  an  understanding  of  the  phase  transition  leading  to  the  interconnected 
microfibrillar  morphology  is  desirable. 

Several  aspects  of  the  phase  diagram  of  a  rigid  polymer/solvent  system  may 
be  relevant  to  the  phase  transition  during  coagulation.  As  the  phase  diagram  of 
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the  PBT/PPA  system  has  not  been  determined  fully,  these  aspects  will  be  inferred 
to  indirectly  using  a  hypothetical  phase  diagram  as  shown  in  Figure  II. C. 2: 

a)  Equilibrium  between  isotropic  and  nematic  solutions  was  predicted  by  Flory 
(6)  and  verified  in  several  experimental  systems.  Thus,  a  narrow  biphasic 
region  at  negative  polymer-solvent  interaction  parameter  (x)  changes 
abruptly  at  a  slightly  positive  value  of  X  to  a  wide  region  separating 
dilute  isotropic  and  concentrated  nematic  phases.  Tsai  (7)  observed  such  a 
narrow  biphasic  region  in  solutions  of  PBT  in  PPA,  which  shifted  slightly  to 
higher  polymer  concentrations  at  elevated  temperature. 

b)  A  spinodal  curve,  marking  the  limit  of  metastability  towards  small  con¬ 
centration  fluctuations,  is  plotted  in  the  wide  biphasic  region.  Wee  and 
Miller  (8)  have  shown,  using  Flory' s  theory,  that  the  spinodal  lies  close  to 
the  binodal  curve,  thus  allowing  easy  access  into  the  unstable  region  by  a 
decrease  in  temperature  or  increase  in  X. 

c)  Superimposed  on  the  liquid-liquid  phase  equilibrium  are  liquid-solid 
transitions,  as  suggested  by  Ciferri  and  Krigbaum  (9),  due  to  the  high 
melting  point  of  the  rigid  polymer  crystal.  In  addition  to  crystalline 
polymer,  one  or  several  crystal  solvates  form  by  cocrystallization  of 
polymer  and  solvent  molecules,  as  recently  reviewed  by  Iovleva  and  Papkov 
(10).  Formation  of  crystal  solvates  in  the  PBT/PPA  system,  under  the 
influence  of  moisture,  has  been  observed  by  Frost  (11).  The  formation  of 
one  crystal  solvate  (XS)  is  included  in  Figure  II. C. 2. 

The  state  of  the  solution  as  it  enters  the  coagulation  bath  can  be  assumed 
to  be  a  single  nematic  domain,  with  the  molecular  director  in  the  direction  of 
flow,  irrespective  of  whether  the  original  solution  was  isotropic  or  composed  of 
randomly  oriented  nematic  domains.  This  is  a  result  of  the  shear  stresses  in 
the  spinnerette  and  extensional  flow  in  the  air  gap.  At  the  end  of  the  coagula¬ 
tion  stage  the  thermodynamic  state  is  that  of  crystalline  polymer,  in  the  form 
of  a  microfibrillar  network  permeated  by  the  coagulant.  The  aspects  of  the 
phase  diagram  most  relevant  to  the  coagulation  process  are: 
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a)  Liquid-solid  equilibria  between  the  nematic  phase  and  one  or  more 
crystal  solvates  or  crystalline  polymer. 


b)  Liquid-liquid  phase  separation  in  the  wide  biphasic  region.  This  region 
may  be  metastable  relative  to  the  liquid-solid  transitions,  yet  it  may  be 
accessible  for  kinetic  reasons. 

Coagulation  is  a  non-equi librium  process.  Treatment  of  this  process  in 
terms  of  a  binary  phase  diagram  requires  two  assumptions: 

a)  The  ternerary  polymer/solvent/nonsolvent  system  can  be  viewed  as  a 
pseudo-binary  solution,  with  an  apparent  x  parameter  which  depends  on  the  amount 
of  nonsolvent  present. 

b)  Local  equilibrium  is  maintained. 

Russo  and  Miller  (12)  considered  the  effect  of  a  nonsolvent  on  the  phase  diagram 
of  a  rigid  polymer  solution,  and  showed  that  the  assumption  of  a  pseudo-binary 
solution  is  valid  in  the  narrow  biphasic  region,  although  significant  deviations 
occur  at  the  wide  biphasic  region.  They  demonstrate  that  a  small  quantity  of 
nonsolvent  can  dramatically  increase  the  apparent  x  parameter  of  the  solution 
and  induce  phase  separation.  We  assume  that  the  structure  formed  during  coagu¬ 
lation  is  highly  dependent  on  the  mechanism  of  the  phase  transition  which  occurs 
at  the  initial  stage  of  nonsolvent  diffusion.  At  such  stage  the  assumption  of 
local  equilibrium  may  be  valid.  At  later  stages  of  coagulation,  the  solvent  is 
essentially  replaced  by  nonsolvent,  but  the  main  morphological  features  of  the 
fiber  may  not  be  changed. 

Several  attempts  have  been  made  to  relate  a  specific  morphology  to  a  mecha¬ 
nism  of  phase  separation.  Morgan  et  a!.,  (13)  studied  the  structure  of  poly  p- 
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phenyl ene-terepthal amide  (PPTA)  fibers  formed  by  dry-jet  wet  spinning.  They 
suggest  that  the  main  phase  transition  determining  the  structure  is  crystalliza¬ 
tion  of  PPTA  from  its  solution  as  a  result  of  a  decrease  in  temperature,  prior 
to  the  diffusion  of  the  coagulant.  A  row  nucleation  mechanism  is  proposed  by 
which  extended  chains  crystallize  parallel  to  each  other  to  form  lamellae  per¬ 
pendicular  to  the  fiber  direction  with  a  high  concentration  of  chain  ends  in  the 
in ter lame liar  region.  Iovleva  et  al.,  (14)  observed  the  morphology  obtained  by 
addition  of  nonsolvent  to  a  rigid  polymer  solution.  They  associate  solidifica¬ 
tion  under  the  effect  of  a  weak  coagulant,  which  leads  to  a  lamellar  morphology, 
with  a  nucleation  and  growth  crystallization  mechanism  by  which  crystal-solvates 
are  formed  initially,  and  their  lamellar  morphology  is  preserved  during  further 
coagulation  and  subsequent  drying.  A  fibrillar  morphology,  obtained  by  the 
effect  of  a  strong  coagulant,  is  associated  with  direct  crystallization  of  the 
polymer.  Miller  et  al.,  (15)  studied  in  detail  gelation  of  poly  y-benzyl-L- 
glutamate  solutions  from  both  isotropic  and  anisotropic  phases,  and  demonstrated 
that  the  structure  of  the  gel  is  a  fibrillar  network  (16).  Formation  of  the 
network  is  associated  with  passage  to  an  unstable  state  in  the  wide  biphasic 
region.  Phase  separation  by  spinodal  decomposition  is  postulated  to  occur, 
resulting  in  a  bicontinuous  system  of  dilute  isotropic  and  concentrated  ani¬ 
sotropic  phases.  Crystallization  of  the  polymer  from  the  concentrated  ordered 
phase,  now  well  below  its  melting  point,  results  in  an  interconnected  fibrillar 
morphology. 

In  considering  the  mechanism  of  structure  formation  during  coagulation  of 
PBT,  the  fibriHous  nature  of  the  observed  morphology  excludes  mechanisms  which 
lead  to  lamellar  structures,  such  as  row  nucleation.  The  initial  state  of  the 
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solution,  a  monodomain  nematic  phase,  is  different  than  those  studied  by  Miller 
et  al.,  (15,16)  which  are  either  isotropic  or  randomly  oriented  liquid 
crystalline  domains.  The  applicability  of  their  model  of  network  formation  to 
coagulation  during  fiber  spinning  is  not  clear.  We  have  considered  the  mecha¬ 
nisms  of  spinodal  decomposition  and  nucleation  and  growth  in  a  solution  of 
oriented  rigid  polymers,  and  their  relation  to  the  structure  of  the  phase 
separated  state.  Due  to  the  inherent  rigidity  and  relatively  high  molecular 
weight  of  the  PBT  molecules,  polymer  and  solvent  mobility  is  expected  to  be  ani¬ 
sotropic,  being  much  larger  in  the  orientation  direction  than  perpendicular  to 
it.  For  simplification,  the  mobility  is  assumed  to  be  one  dimensional  in  the 
orientation  direction.  A  schematic  representation  of  the  Cahn-Hilliard  model  of 
spinodal  decomposition  (17),  as  applied  to  oriented  rods  with  one-dimensional 
mobility,  is  compared  to  one-dimensional  nucleation  and  growth  in  Figure  II. C. 3. 
In  the  case  of  spinodal  decomposition,  a  concentration  fluctuation  of  a  specific 
wavelength  will  have  a  maximum  rate  of  growth  (17).  As  the  mobility  is  assumed 
to  be  one  dimensional,  only  concentration  fluctuations  in  the  direction  of  mole¬ 
cular  orientation  are  considered.  Growth  of  such  a  fluctuation  leads  to  regions 
of  high  concentration  of  rods,  perpendicular  to  the  orientation  direction,  with 
depletion  zones  between  them.  The  length  of  the  polymer  rich  regions  perpendi¬ 
cular  to  the  orientation  direction,  may  be  controlled  by  the  correlation  length 
of  concentration  fluctuations  in  that  direction.  Crystallization  from  such  a 
phase  separated  system  may  result  in  a  lamellar  morphology.  A  one-dimensional 
nucleation  and  growth  mechanism  may  be  associated  with  formation  of  fibrils. 
Fibril  width  may  be  controlled  by  the  density  of  nuclei,  and  deviations  in  the 
molecular  orientation  may  account  for  their  interconnectivity. 
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D.  Conclusions 

1.  The  structure  formed  during  the  coagulation  stage  of  the  dry- jet  wet 
spinning  process  of  PBT  fibers  is  shown  to  be  an  interconnected  network  of 
oriented  microfibrils,  the  width  of  which  is  80-100/.  These  microfibrils  may  be 
the  fundamental  structural  elements  of  the  final  fiber. 

2.  A  schematic  comparison  of  the  mechanisms  of  spinodal  decomposition  and 
nucleation  and  growth,  as  applied  to  an  oriented  solution  of  rods  with  essen¬ 
tially  one-dimensional  mobility  suggests  that  the  former  mechanism  may  lead  to  a 
lamellar  morphology,  whereas  the  latter  may  result  in  oriented  fibrils,  which  is 
compatible  with  the  structure  observed  in  coagulated  PBT. 
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TABLE  II. A. 1 


THE  FIBER  SPINNING  PROCESS 


3)  Extension  in  air  gap 

4)  Coagulation 


5)  Post  treatments 

(drying,  heat  treatment) 


State  of  Matter 

Isotropic  or  unoriented  nematic 
solution 

Solution  of  oriented  rods 

Liquid-Solid  phase  transition 
Oriented  solid  Fiber 
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Figure  Il.C.l.a  Figure  Il.C.l.b. 

A  longitudinal  section  of  coagulated  PBT  A  high  magnification  image  of  the 

fiber  infiltrated  with  epoxy  resin.  outlined  area. 

E-epoxy  matrix;  F-fiber. 


POLYMER  VOLUME  FRACTION 


Figure  II. C. 2 

A  schematic  phase  diagram  of  a  rigid  polymer  solution:  solid 
line  -  phase  boundary;  dashed  line  -  incongruent  phase  boundary; 
dotted  line  -  spi nodal  curve;  XS  -  crystal  solvate;  P  -  crystalline 
polymer. 


SPINODAL  DECOMPOSITION 


NUCLEATION  AND  GROWTH 


Figure  II. C. 3 


Comparison  of  spinodal  decomposition  and  nucleation  and  growth  in  a 
solution  of  oriented  rods  undergoing  a  phase  transition  with  effectively 
one-dimensional  mobility,  c  -  polymer  concentration,  c  -  composition 
of  initial  solution.  0 
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SECTION  III.  MICROSTRUCTURE  AND  PHASE  BEHAVIOR  OF  POLY(PARA-PHENYLENE 
BENZOBISTHIAZOLE)/METHANE  SULFONIC  ACID  CRYSTAL  SOLVATES 

A.  Introduction 

The  study  of  rigid  rod  macromolecules  has  received  increasing  attention  in 
recent  years  due  primarily  to  the  fabrication  of  ultra-high  modulus,  ultra-high 
strength  fibers  and  films  from  these  materials.  These  polymers  frequently  exhi¬ 
bit  unusually  good  thermo -oxidative  stability  and  resistance  to  most  common 
solvents. 

Poly(p-phenylene  benzobisthlazole)  is  a  fully  aromatic  rigid  rod  polymer. 

Its  properties  have  improved  to  a  point  of  superiority  among  ultra-high  strength 
ultra-high  modulus  fibers.  Tension  heat  treatment  as  a  last  stage  of  processing 
has  proven  to  be  a  most  significant  step  in  the  attainment  of  the  highest  possi¬ 
ble  properties  to  date.  Investigations  of  PBT  have  generally  focused  on  two 
areas,  either  properties  in  solution  or  properties  of  the  solid-state  fiber  or 
film.  Only  recently  has  the  as-coagulated  wet  fiber  been  examined,  and  to  date 
no  thorough  study  linking  the  solid  state  and  solutions  through  phase  behavior 
has  been  performed.  The  solvent  used  in  this  study  was  methane  sulfonic  acid 
(MSA).  The  formation  of  the  crystal  solvate  was  induced  by  the  diffusion  of  the 
atmospheric  water  into  the  system. 

The  purpose  of  this  investigation  is  to  characterize  the  structure  and 
microstructure  of  quiescently  crystallized  crystal  solvates,  to  examine  the 
crystalline  polymer  remaining  upon  removal  of  solvent  from  the  solvate,  and  to 
relate  these  structures  to  the  phase  behavior  of  the  PBT/MSA.H2O  system.  Due  to 
the  excellent  mechanical  properties  of  PBT,  crystal  solvates  should  be  of 
interest  from  a  technological  viewpoint  to  the  extent  that  they  affect  the  pro¬ 
perties  and  processing  of  the  final  polymer  product. 
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B.  Background 

Polymer  crystal  solvates  belong  to  the  class  of  crystalline  compounds  whose 
lattice  contains  both  solvent  and  solute  in  particular  molar  ratios.  The  most 
well  known  compounds  of  this  type  are  the  low  molecular  weight  hydrates.  That 
polymers  form  crystal  solvates  is  not  well  known,  although  neither  is  it 
surprising.  Bimolecular  crystalline  compounds  arise  from  interactions  such  as 
hydrogen  bonding  or  attractions  between  acidic  and  basic  groups.  That  these 
interactions  between  a  polymer  and  its  solvent  would  give  rise  to  a  bimolecular 
crystalline  formation  is  not  unusual  behavior.  One  of  the  reasons  that  little 
attention  has  been  paid  to  these  formations  is  that  the  majority  of  polymer  pro¬ 
cessing  takes  place  through  the  bulk  melt  phase,  not  through  solution.  For 
cellulose/sodium  hydroxide  systems  several  crystal  solvates  of  different 
stoichiometry  have  been  observed,  although  they  were  simply  described  as 
swelling  compounds  (1).  With  the  advent  of  the  aromatic  polyamides,  solution 
processing  of  another  important  class  of  polymers  has  become  a  significant 
industrial  process.  Not  surprisingly,  in  recent  years  the  number  of  instances 
where  polymer  crystal  solvates  have  appeared  in  the  literature  has  greatly 
increased,  in  conjunction  with  the  increased  interest  in  solution  processed 
polyamides.  Iovleva  and  co-workers  performed  an  extensive  review  of  the  litera¬ 
ture  in  1982  (2). 

Evidence  for  the  existence  of  polymer  crystal  solvates  has  been  primarily  by 
scattering  and  thermodynamic  measurements.  X-ray  diffraction  of  polymer  crystal 
solvates  reveals  unit  cells  which  are  expanded  from  those  of  the  pure  polymer. 
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The  thermodynamic  measurements  generally  involve  observation  of  a  melting  tran¬ 
sition.  Melting  phenomena  are  experimentally  observed  in  several  ways.  Pola¬ 
rizing  optical  microscopy  shows  the  melting  of  birefringence  crystal  solvates 
into  isotropic  or  anisotropic  solutions.  Differential  scanning  calorimetry 
also  gives  melting  transition  data,  although  it  is  often  experimentally  dif¬ 
ficult  to  obtain  due  to  the  corrosive  nature  of  the  solvents.  Finally,  tur¬ 
bidity  measurements  have  been  used  to  determine  the  melting  point  of  the 
PPTA/H2SO4  crystal  solvates  (3). 

Poly(p-phenylene  benzobisthiazole)  is  a  fully  aromatic  rigid  rod  polymer. 

Its  persistence  length  in  chlorosulfonic  acid  has  been  determined  to  be  640 
angstroms  (4).  The  PBT  fibers  investigated  possess  a  high  degree  of  axial 
orientation.  Near  perfect  molecular  alignment  in  the  fiber  direction  has  been 
shown  by  wide  angle  x-ray  and  electron  diffraction  studies.  However  true, 
three-dimensional  order  has  not  yet  been  achieved  in  any  PBT  fiber  examined. 
Early  diffraction  studies  done  on  as-spun  PBT  fibers  were  explained  by  a  hexago¬ 
nal  packing  of  axially  staggered  periodic  cylinders.  Upon  heat  treatment,  the 
molecular  order  in  the  PBT  fiber  is  enhanced  and  a  two-dimensional  net  allowing 
the  molecules  translational  freedom  along  the  chain  axis  explains  the  diffrac¬ 
tion  data.  It  has  yet  to  be  shown  whether  or  not  true  large-scale  three- 
dimensional  order  is  possible  for  PBT.  Minter  has  shown  the  crystallite  size  in 
tension  heat-treated  PBT  fibers  to  be  100  angstroms  by  150  angstroms  (lateral 
and  longitudinal  dimensions,  respectively).  Previous  investigation  of  PBT 
coagulated  from  solution  in  the  absence  of  shear  has  been  limited.  However  for 
poly(p-phenylene  benzobisoxazole)  (PBO),  another  fully  aromatic  rigid  rod 
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polymer,  Minter  observed  a  fibrillar  "grassy  mat"  in  films  prepared  in  this  way 
(5).  He  did  not,  however,  investigate  them  any  further  to  determine  molecular 
orientation  within  the  fibrils. 

Takahashi  has  done  the  most  extensive  work  on  PPTA  crystal  solvates  using 
both  sulfuric  acid  and  hexamethyl  phosphorous  triamide  (HMPTA)  as  solvents.  He 
found  that  at  concentrations  higher  than  11%  at  room  temperature,  the  PPTA/ 
H2SO4  system  formed  a  solid  anisotropic  phase.  Optically  negative  spherulites 
were  observed.  Upon  removal  of  solvent  and  observation  under  an  electron 
microscope  he  observed  600  angstrom  lamellae.  The  chain  axis  of  the  polymer  was 
found  to  be  perpendicular  to  the  long  axis  of  the  lamellae  (6).  Takahashi  does 
not  confirm  the  crystal  solvate  nature  of  his  solid  anisotropic  state;  however, 
Platonov  (7)  and  Iovleva  (8)  have  independently  confirmed  the  crystal  solvate 
nature  of  the  PPTA/H2SO4  anisotropic  solid  by  x-ray  diffraction. 

The  phase  behavior  giving  rise  to  polymer  crystal  solvates  is  an  outgrowth 
of  theoretical  phase  behavior  of  rigid  rod  solutions.  Onsager  (9)  and  Isihara 

(10)  independently  predicted  the  possibility  of  liquid-liquid  phase  separation 
of  solutions  of  anisotropic  molecules.  Their  treatment  was  improved  upon  and 
simplified  by  Flory.  He  used  a  lattice  model  to  predict  the  phase  behavior 

(11) .  His  results  have  since  been  experimentally  verified  by  others. 

Ciferri  and  Krigbaum  extended  this  phase  behavior  to  include  the  cystalliza- 
tion  of  the  polymer.  By  overlaying  curves  for  crystallization  from  an 
isotropic  solution  and  crystallization  from  an  anisotropic  solution,  into  the 
Flory  phase  diagram,  they  obtained  the  phase  diagram  shown  in  Figure  III.B.l 
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(12).  Others  have  since  included  crystal  solvates  which  give  a  schematic  phase 
diagram  as  shown  in  Figure  III.B.2  (2).  A  partial  phase  diagram  including 
crystal  solvates  has  been  obtained  by  Gardner  et  al.,  (13)  for  the  PPTA/H2SO4 
system. 

Miller  has  shown  that  treating  a  solvent  and  non-solvent  as  a  single  com¬ 
ponent  is  an  appropriate  assumption  in  the  biphasic  chimney  region  (14). 

However,  it  is  not  clear  whether  this  assumption  is  viable  in  other  regions. 

The  reason  for  making  this  assumption  is  to  aid  in  the  kinetics  of  crystal 
growth.  If  one  is  in  the  isotropic  solution  region  of  the  phase  diagram  at  room 
temperature,  a  phase  boundary  can  be  crossed  either  by  increasing  the  polymer 
concentration  or  by  decreasing  the  temperature.  Either  course  of  action 
severely  impedes  chain  mobility.  Alternatively  one  can  label  the  ordinate  as 
-X  and  cross  the  phase  boundary  by  increasing  the  parameter  by  slight  absorption 
of  non^solvent,  in  this  case  water.  Miller  has  shown  that  even  a  slight  addi¬ 
tion  of  non-solvent  has  a  drastic  effect  on  the  location  of  the  phase  boundary 
(14).  Because  of  the  ease  of  working  with  a  binary  phase  diagram,  and  because 
of  the  improved  kinetics  when  working  at  low  concentrations  at  room  temperature 
and  above,  this  assumption  and  approach  were  made. 

C.  Experimental 
1.  Materials 

The  PBT  used  was  prepared  by  J.  Wolfe  of  SRI  via  a  step  growth  polymeriza¬ 
tion  of  2.5  diamino-1,4  benzenedithiol ;  hydrochloride  and  phthalic  acid  con¬ 
ducted  in  poly(phosphoric  acid).  The  polymer  possessed  an  intrinsic  viscosity 
of  2.0  in  MSA.  Crosby  et  al.,  calculated  the  molecular  weight  (Mn)  of  this 
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polymer  to  be  about  10,000  (4).  Since  the  monomer  repeat  molecular  weight  is 
266,  this  corresponds  to  a  molecular  length  of  about  470  angstroms. 

The  solvent  used  was  methane  sulfonic  acid  from  Aldrich  Chemical  Company. 

2.  Sample  Preparation 

The  methane  sulfonic  acid  as  received  contains  about  1.5%  water.  This  was 
purified  using  a  vacuum  distillation  apparatus.  Increments  of  PBT  powder  were 
added  into  the  acid  at  room  temperature,  the  polymer  being  used  as  received. 

Each  incremental  amount  of  PBT  was  dissolved  before  the  next  was  added.  For  the 
purposes  of  this  study,  samples  of  two  to  three  milliliters  of  isotropic  solu¬ 
tion  were  prepared,  generally  to  a  concentration  of  two  to  five  percent  polymer. 
These  solutions  were  the  starting  point  for  all  samples  studied. 

A  cleaning  solution  for  the  glassware  was  made.  Seventy  grams  of  sodium 
dichromate  were  dissolved  in  300  milliliters  of  water.  Six  hundred  milliliters 
of  sulfuric  acid  was  then  added.  Glass  slides  and  cover  slips  were  placed  into 
a  beaker  of  this  solution  for  about  one  hour  at  60  degrees  Celsius.  Upon  removal 
they  were  rinsed  in  copious  amounts  of  water,  the  final  rinsings  being  done  with 
deionized  water. 

A  drop  of  solution  was  then  placed  on  the  clean  dry  slide  and  a  clean  dry 
cover  slip  was  placed  over  the  drop.  Water  diffusing  in  from  the  atmosphere 
induced  the  growth  of  the  crystal  solvate  sherulites  (e.g.  Figure  III.C.l). 

After  two  to  three  days,  sufficient  water  had  diffused  in  to  complete  the  phase 
separation  into  crystal  solvate  and  dilute  isotropic  solution.  The  crystal 
solvate  was  then  scraped  from  the  slide  into  a  DSC  pan,  or  alternatively  was 
placed  onto  a  hot  stage  of  an  optical  microscope. 
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For  X-ray  work  the  PBT/MSA  solution  was  put  into  an  X-ray  capillary  and 
the  top  was  left  open  to  air.  As  water  diffused  in  the  crystal  solvate, 
spherulites  were  induced  to  growth  in  the  capillary.  After  several  days  the 
crystal  solvate  was  grown  and  the  capillary  was  sealed  and  X-ray  diffraction  was 
performed . 

For  electron  microscopy  the  crystal  solvates  were  melted  (in  the  90  to  100 
degrees  C  range)  and  the  now  isotropic  solution  held  at  about  150  degrees  C.  As 
solvent  was  driven  off,  the  solution  went  biphasic  and  new  crystal  solvate 
spherulites  were  observed  to  nucleate  and  grow.  Once  the  crystal  solvate  was 
grown  (a  crystal  solvate  of  different  stoichiometry  than  that  which  melted  at  90 
degrees  C)  the  cover  slip  and  glass  slide  were  split  apart  and  the  crystal 
solvate  floated  off  onto  water  (e.g.  Figure  III.C.2).  This  material  was  allowed 
to  stand  for  several  minutes  and  then  picked  up  with  gold  microscope  grids  in 
order  to  avoid  reaction  of  residual  acid  with  copper  grids.  The  sample  was 
dried  at  room  temprature  and  observed  in  the  electron  microscope.  It  was 
characteristic  of  these  polymer  spherulites  that  they  had  such  high  birefrin¬ 
gence  that  a  sample  thin  enough  to  be  used  for  electron  microscopy  was  easily 
observable  in  the  polarized  optical  microscope. 

3.  Electron  Microscopy 

A  JE0L  100CX  electron  microscope  operated  at  100KV  was  used.  Both  bright 
field  and  dark  field  microscopy  were  performed  in  the  conventional  transmission 
mode.  The  diffraction  data  was  generaly  collected  using  selected  area  diffrac¬ 
tion.  Preliminary  studies  of  crystal  solvate  crystals  were  performed  using 
micro-diffraction  in  the  STEM  mode.  The  radiation  lifetime  of  PBT,  following  an 
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exponential  decay  to  1/e  of  original  intensity  of  crystalline  reflections,  was 
determined  by  Minter  to  be  1.6  coulombe  per  square  centimeter  or  about  two 
orders  of  magnitude  greater  than  that  of  polyethylene.  This  stability  allowed 
considerable  latitude  in  selection  of  microscope  imaging  conditions. 

An  ETEC  scanning  electron  microscope  was  used  at  40KV  for  the  SEM  studies 
of  samples  sputter  coated  with  gold. 

4.  Optical  Microscopy 

A  Zeiss  polarizing  microscope  was  used  in  conjunction  with  a  Mettler  FP-2 
hot  stage  and  a  Leitz  polarizing  microscope  was  used  with  a  Leitz  hot  stage. 
Heating  was  generally  done  at  a  rate  of  5  degrees  C  per  minute.  A  quartz  quarter 
waveplate  was  used  to  determine  the  sign  of  birefringence  of  the  spherulites, 
direct  comparison  being  made  to  optically  negative  poly(ethylene  oxide)  (PEO) 
spherulites. 

5.  X-Ray 

Wide  angle  X-ray  diffraction  was  performed  with  a  flat -film  Statton  camera 
using  CuK  X-rays.  Samples  were  flame  sealed.  Settings  were  30KV  and  40mA  for 
exposure  times  of  4  to  10  hours.  Sample  to  film  distance  was  53.14mm. 

6.  DSC 

A  Perkin-Elmer  DSC-2  was  used  for  the  calorimetry  experiments,  with  indium 
and  tin  used  for  calibration  purposes.  The  heating  rate  used  was  10  degrees  C 
per  minute  and  a  range  of  lOmcal.  Reuseable  gold  plated  stainless  steel  sample 
pans  for  volatile  corrosives  were  used  to  prevent  the  MSA  from  corroding  either 
the  pan  or  the  calorimeter. 
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D.  Results  and  Discussion 
1.  Results 

The  identification  of  the  solid  formed  upon  diffusion  of  water  into  the 
polymer/acid  solution  as  crystal  solvate  involved  two  forms  of  evidence:  melting 
transition(s)  and  expanded  unit  cell. 

Figure  III.D.l  shows  the  DSC  trace  for  the  PBT/MSA.H2O  crystal  solvate.  In 
the  corresponding  temperature  region  the  pure  polymer  has  no  thermal  tran¬ 
sitions.  On  the  optical  microscope  we  observed  three  melting  transitions  -  the 
first  at  90  to  100  degrees  C,  the  second  at  135  to  200  degrees  C  and  the  third 
varied  from  200  to  300  degrees  C.  Table  III.D.l  shows  the  relationship  between 
the  melting  temperature  observed  optically  and  by  DSC.  The  first  two  melting 
transitions  correlate  well.  The  discrepancy  in  the  third  melting  temperature 
can  be  explained  by  the  difference  in  the  system  for  DSC  and  optical  microscopy. 
For  DSC  the  system  is  closed.  The  sample  pans  are  sealed,  allowing  no  escape 
of  fuses.  For  optical  microscopy,  the  sample  was  open  to  the  atmosphere  at  the 
edge  of  the  cover  slip.  White  vapors  were  observed  to  escape  at  temperatures 
approaching  180  degrees  C  and  above.  Since  the  system  consists  of  solvent  and 
polymer,  increasing  the  concentration  of  polymer  by  removal  of  solvent  would 
tend  to  increase  the  equilibrium  melting  transition  of  the  system.  The  time 
dependence  of  the  melting  transition  at  elevated  temperature  is  supported  by  the 
fact  that  at  very  fast  heating  rates  (ca.  30  degrees  C  per  minute)  the  melting 
range  is  observed  to  be  200  degrees  C  to  220  degrees  C.  At  very  slow  heating 
rates  (ca.  2  degrees  C  per  minute)  the  melting  temperature  was  in  the  region  of 
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295  to  305  degrees  C.  The  slower  the  heating  rate,  the  longer  the  time  avail¬ 
able  for  solvent  to  be  driven  off.  This  same  effect  is  consistent  with  the 
slightly  expanded  range  of  the  first  melting  transition. 

The  diffraction  data  in  Table  III.D.2  shows  the  expanded  unit  cell  charac¬ 
teristic  of  crystal  solvates.  Figure  III.D.2  is  the  flat  film  Statton  photo¬ 
graph  of  the  crystal  solvent. 

The  spherulitic  nature  of  these  crystal  solvates  is  clearly  shown  in  the 
optical  micrographs  in  Figure  III.D.3.  The  typical  Maltese  cross-extinction  pat 
tern  is  shown  under  crossed  polars.  Washing  and  drying  the  spherulites  followed 
by  observation  under  a  scanning  electron  microscope  clearly  confirms  the  spheru¬ 
litic  nature  of  the  solid  (e.g.  Figure  III.D.4). 

Study  of  the  PBT/MSA.H2O  crystal  solvates  confirmed  several  aspects  of  the 
schematic  phase  diagram  given  previously  in  Figure  III.B.2.  Melting  behavior  of 
the  crystal  solvates  was  followed  by  optical  microscopy.  Figure  III.D.5  shows  a 
sequence  of  photographs  taken  with  increasing  temperature.  Each  isolated  area 
can  be  treated  as  a  micro  system.  This  has  the  disadvantage  of  not  knowing  the 
precise  composition  of  each  region  but,  assuming  heat  transport  is  greater  than 
mass  transport,  it  allows  the  effect  of  temperature  on  a  pseudo-equilibrium 
state  to  be  followed  simultaneously  in  several  different  regions.  The  first 
area  to  melt,  as  expected,  is  the  area  in  communication  with  the  droplet  of 
solvent,  and  it  is  observed  to  melt  into  an  isotropic  solution.  This  corres¬ 
ponds  to  melting  along  path  'a'  in  Figure  III .0.6.  (Figure  III.D.6  represents  a 
partial  phase  diagram  showing  the  low  polymer  concentration  region.)  Then  the 
surrounding  area  which  is  not  in  communication  with  the  isotropic  drop  melts 
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into  an  anisotropic  solution.  This  corresponds  to  heating  along  path  ' b '  in 
Figure  III. D. 6b.  Finally  at  steady  state  temperature  of  117  degrees  C  three 
different  types  of  micro  systems  are  observed:  isotropic,  anisotropic  and 
biphasic.  This  shows  that  the  chimney  region  of  the  phase  diagram  is  indeed 
above  the  crystallization  boundary  and  not  below  it  (e.g.  Figure  III. D. 6a).  This 
helps  to  explain  the  following  observations:  if  the  crystal  solvates  are  melted 
into  an  isotropic  solution  (path  1 c *  of  Figure  III. D. 6b)  and  then  cooled,  the 
chimney  region  into  the  anisotropic  region  is  crossed,  for  example,  path  ' c '  of 
Figure  III. D. 6b.  With  cooling  to  room  temperature  the  anisotropic  solution  is 
metastable  with  respect  to  crystal  solvates,  and  phase  separation  along  the  tie 
line  shown  to  crystal  solvate  plus  isotropic  solution  ensues  (e.g.  Figure 
III.D.7).  The  growth  of  the  spherulite  follows  the  typical  stages  of  maturity 
and  a  brush  type  hedrite  structure  is  shown  in  Figure  III.D.8. 

Elucidation  of  the  microstructure  of  the  crystal  solvate  spherulites  was 
complicated  by  the  corrosive  nature  of  the  methane  sulfonic  acid.  Utilization 
of  a  quartz  quarter  wave  plate  in  a  polarized  optical  microscope,  and  comparison 
with  PEO  optically  negative  spherulites,  shows  that  the  PBT  crystal  solvate 
spherulites  were  optically  negative.  This  means  that  the  tangential  index  of 
refraction  is  greater  than  the  radial,  indicating  tangential  orientation  of  the 
rod-like  PBT  molecules.  Direct  electron  microscopy  of  the  crystal  solvates  was 
not  possible  due  to  the  highly  corrosive  nature  of  the  solvent  and  the  high 
vacuum  of  the  electron  microscope.  Instead  the  MSA  was  first  leached  out  by 
floating  the  spherulites  off  the  glass  slide  onto  water.  After  the  acid  was 
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removed,  the  sample  was  picked  up  with  grids  and  viewed  in  the  electron 
microscope.  The  tangential  orientation  of  the  chains  was  confirmed  by  electron 
diffraction  of  an  area  of  radiating  lamellae  as  shown  in  Figure  III.D.9. 

The  crystalline  nature  of  the  lamella  of  the  residual  PBT  is  shown  in  the 
bright  field  pair  shown  in  Figure  III. D. 10.  The  lamellar  thickness  measured  from 
the  micrographs  is  about  450  angstroms,  with  the  long  period  being  about  700 
angstroms.  This  scale  corresponds  reasonably  with  the  average  molecular  length 
determined  by  Crosby  et  al.,  for  PBT  of  I.V.  2.0.  The  question  of  what  is  in  the 
interlamellar  region  in  a  polymer  that  is  essentially  100%  crystalline  is  an 
interesting  one.  Gardner  proposes  a  model  for  PPTA  fibers  which  has  a  high  con¬ 
centration  of  chain  ends  in  the  periodic  bands  first  observed  by  Dobb  et  al., 
(15,16).  In  our  system  the  close  correspondence  of  molecular  length  to  the 
lamellar  thickness  suggests  a  similar  model.  A  schematic  of  this  type  of  morpho¬ 
logy  is  shown  in  Figure  III. D. 11.  Aggregation  of  chain  ends  in  the  interla¬ 
mellar  region  would  be  favored  for  low  I.V.  PBT.  According  to  the  synthetic 
route  proposed  by  Wolfe,  et  al.,  (17)  we  see  that  poly(phosphoric  acid)  would  be 
covalently  bonded  to  the  ends  of  the  molecules.  Closer  examination  of  these 
micrographs  reveals  that  the  film  fracture  generally  takes  place  perpendicular 
to  the  lamellae,  or  alternatively,  between  them.  Since  the  chains  run  perpen¬ 
dicular  to  the  lamellae,  fracture  between  lamellae  is  further  evidence  of  a  high 
concentration  of  chain  ends  in  the  interlamellar  regions. 

The  texturing  in  these  lamellae  is  observable  through  electron  diffraction. 
For  a  PBT  fiber  a  typical  equatorial  Intensity  profile  would  appear  as  in  Figure 
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III. D. 12.  The  peaks  el  -  e4  are  as  indicated.  The  presence  of  all  of  these 
reflections  in  electron  or  X-ray  diffraction  with  their  relative  intensities  is 
generally  evidence  of  fiber  symmetry. 

In  these  spherulites  of  PBT,  however,  a  variety  of  diffraction  patterns 
consisting  of  el  -  e4,  el  and  e2,  just  e2,  and  e2  and  e3,  with  their  relative 
intensities,  have  all  been  observed.  Upon  tilting  the  sample,  the  pattern  is 
shown  to  change  with  el  appearing  and  disappearing  with  various  degrees  of  tilt 
(e.g.  Figure  III. D. 13).  This  indicates  there  is  no  fiber  symmetry,  but  rather 
locally  preferred  a  axis  and  j)  axis  orientations.  Further  evidence  for  tex¬ 
turing  is  found  in  the  micrographs  of  Figure  III. D. 10.  In  bright  field,  the 
lamellae  appear  as  continuous  structures,  whereas  the  dark  field  micrograph 
shows  individual  crystallites  about  150  angstroms  in  width  by  450  angstroms  in 
length. 

Figure  III. D. 14  shows  a  lamellar  region  of  a  PBT  spherulite,  very  similar 
in  appearance  to  Takahashi's  PPTA  lamellae.  A  fine  structure  running  perpen¬ 
dicular  to  the  lamellae  can  be  seen  to  run  across  the  tear  in  the  film.  For  the 
sake  of  comparison.  Figure  I I I. D. 15  shows  a  "grassy  mat"  prepared  by  rapid 
coagulation  of  an  isotropic  PBT/MSA  solution  into  water,  similar  to  what  Minter 
reported  for  PBO  (5). 

One  other  feature  of  the  PBT  lamellae  spherulites  is  that  electron  diffrac¬ 
tion  down  the  £  axis  has  been  observed  for  the  first  time  (e.g.  Figure 
I I I. D. 16).  The  angle  (gamma)  between  the  el  and  e2  reflection  is  about  109 
degrees  which  is  not  consistent  with  the  monoclinic  unit  cell  with  gamma  equal 
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to  95.2  degrees  proposed  by  Roche  (18).  The  e3  and  e4  reflections  are  also  pre¬ 
sent,  but  very  weak:  e3  at  an  angle  of  about  20  degrees  from  the  e2  reflection 
and  e4  being  the  second  order  el  reflection. 

2.  Discussion 

Conclusive  proof  for  the  existence  of  PBT  crystal  solvates  has  been  pre¬ 
sented.  The  melting  transitions  observed  by  DSC  and  optical  microscopy,  coupled 
with  the  X-ray  diffraction  pattern  of  the  anisotropic  solid,  show  that  a 
crystalline  solid(s)  containing  both  polymer  and  solvent  is  (are)  formed  in  this 
system.  The  existence  of  two  strong  melting  transitions  and  a  weaker  third 
transition,  all  observed  both  by  DSC  and  optical  microscopy,  give  evidence  for 
the  existence  of  at  least  one  and  probably  two  or  three  crystal  solvates. 

Upon  removal  of  the  solvent,  the  optically  negative  crystal  solvate  spheru- 
lites  remain  optically  negative.  This  is  indicative  of  retension  of  the  gross 
morphology  upon  transformation  from  crystal  solvate  to  crystalline  polymer.  The 
crystalline  polymer  is  highly  ordered  as  revealed  by  observation  under  the 
electron  microscope.  It  seems  reasonable  that  the  existence  of  lamellae  in  the 
crystalline  polymer  point  to  the  existence  of  lamellar  forms  in  the  crystal 
solvate  spherulites. 

Examination  of  the  electron  diffraction  patterns  obtained  from  the  PBT 
spherulites  reveals  a  highly  textured  morphology.  The  existence  of  the  individual 
crystallites  in  the  dark  field  micrograph  of  the  continuous  lamellae  in  Figure 
III. D. 10  supports  this.  Specific  reasons  for  why  the  lamellae  are  broken  by 
sections  in  the  Bragg  condition  and  out  of  the  Bragg  condition  are  not 
understood.  It  is,  however,  a  feature  that  is  not  exclusive  to  PBT,  but  is  also 
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found  in  polyethylene  (20)  and  PPTA  (6).  Whether  or  not  this  is  related  to  the 
100  angstrom  striations  observed  in  Figure  III. D. 14  is  not  clear.  The  sample 
preparation  of  the  electron  microscopy  grids  involved  the  placing  of  the  crystal 
solvate  in  equilibrium  with  an  isotropic  solution  into  water.  Since  rapid 
coagulation  of  PBT  solutions  gives  rise  to  a  fibrillar  mat,  these  striations  may 
be  a  result  of  the  coagulation  of  the  remaining  isotropic  solution.  However, 
they  run  more  or  less  parallel  to  each  other  and  are  not  randomly  oriented  as 
they  would  be  in  a  coagulated  film.  One  thing  is  clear:  the  final  morphology 
of  PBT  is  highly  path  dependent.  Very  slow  diffusion  of  limited  amounts  of 
water  leads  to  lamellar  crystal  solvate  spherulites,  which,  when  washed,  leave 
crystalline  lamellar  PBT  spherulites.  Very  rapid  addition  of  copious  amounts  of 
water  to  PBT  solutions  yields  fibrillar  polycrystalline  mats  of  PBT. 

The  phase  behavior  of  this  system  is  consistent  with  the  schematic  given  by 
Iovleva.  Because  there  probably  exist  at  least  two  crystal  solvates,  however, 
the  schematic  must  be  modified  slightly.  The  phase  boundaries  of  the  chimney 
region  for  PBT  in  MSA  were  obtained  by  Tsai  (21).  Proper  adjustment  for  the 
different  MW  they  used  shifted  the  chimney  to  the  right  for  our  study  according 
to  the  relationship  V2*  =  8/x(l-2/x),  where  x  is  the  aspect  ratio  and  V2*  is  the 
characteristic  concentration  for  the  appearance  of  the  chimney  region.  The 
observation  of  melting  at  90  degrees  C,  together  with  nematic  to  isotropic 
clearing  at  elevated  temperatures,  indicates  the  chimney  region  occurs  at  higher 
temperatures  than  the  crystal  solvate  and  therefore  nematic  solutions  can  occur 
at  equilibrium.  However,  the  fact  that  the  higher  melting  crystal  solvates  melt 
into  isotropic  solutions  indicates  that  the  chimney  region  curves  and  crosses 
the  crystallization  curves. 
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Ciferri  and  Krigbaum's  theoretical  work  supposes  an  equilibrium  with 
crystalline  polymer.  Their  treatment  is  even  more  applicable  to  polymeric 
systems  with  the  inclusion  of  crystal  solvates.  Lower  melting  transition  tem¬ 
peratures  and  heats  of  fusion  would  be  true  of  crystal  solvates  as  compared 
with  crystalline  polymer.  We  have  shown  here  that  a  treatment  of  the  phase 
behavior  by  superposition  of  liquid-liquid  and  liquid-crystal  phase  diagrams 
helps  to  explain  the  observations  in  the  PBT/MSA.H2O  system. 

Understanding  of  this  type  of  phase  behavior  can  help  to  explain  some  of 
the  experimental  observations  in  the  literature.  Sasaki  et  al.,  have  studied 
the  PBLG/BA  system  [??) .  They  have  observed  two  gels,  A  and  B,  of  different 
stoichiometric  polymer/solvent  ratios.  Experimentally,  the  B  type  gel  is 
obtained  by  repeated  quenching  from  60  degrees  C  to  below  48  degrees  C.  This 
puts  the  system  in  an  unstable  state,  with  regard  to  the  equilibrium  crystal 
or  crystal  solvate,  but  also  with  respect  to  the  liquid-liquid  phase  diagram. 
Liquid-liquid  phase  separation  is  kinetically  favorable  and  gives  an  anisotopic 
solution  of  composition  that  must  be  greater  in  polymer  than  that  of  the 
crystal  solvate,  not  to  precisely  the  crystal  solvate  composition  as  claimed. 
This  is  unstable  with  respect  to  crystalline  polymer  and  crystal  solvate,  so 
phase  separation  to  these  two  solid  forms  occurs.  Heating  to  60  degrees  C 
melts  the  crystal  solvate  while  the  crystalline  poymer  retains  its  solid  form. 
Quenching  again  gives  the  same  behavior  of  liquid-liquid  phase  separation 
followed  by  solid-solid  phase  separation  of  the  anisotropic  solution.  Thus  B 
gel  grows  at  the  expense  of  A  gel.  The  observations  of  Sasaki  et  al.,  are  more 
easily  interpreted  using  this  type  of  treatment  of  phase  behavior. 
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Inclusion  of  crystal  solvates  in  the  Ciferri-Krigbaum  phase  relationship 
enables  significantly  better  understanding  of  the  experimental  observations  in 
the  present  PBT  work,  as  well  as  in  other  systems  such  as  PBLG/BA. 

3.  Conclusions 

Growth  of  crystal  solvates  in  the  PBT/MSA  system  has  been  accomplished 
for  the  first  time  through  the  diffusion  of  water  into  the  system.  Identifi¬ 
cation  of  the  solid  as  crystal  solvate  was  accomplished  bv  diffraction  and 
thermodynamic  measurements.  In  this  way,  evidence  for  the  existence  of  at 
least  one  and  possibly  two  or  three  crystal  solvates  has  been  obtained. 

Upon  observation  under  an  optical  microscope  negative  spherulites  from 
this  system  were  observed.  The  tangential  orientation  of  the  rigid  PBT  chains 
in  the  spherulites  indicted  by  the  optical  microscope  were  confirmed  using  an 
electron  microscope  for  both  direct  visualization  and  diffraction  studies  of 
residual  dried  PBT. 

The  crystalline  PBT  left  as  a  residue  upon  removal  of  the  acid  solvent 
was  also  investigated.  We  observed  lamellae  whose  thickness  corresponds 
closely  with  the  molecular  length  of  the  PBT  used.  The  path  dependent  morphology 
of  these  samples  was  discussed  and  texturing  of  the  PBT  was  described.  For 
the  first  time  a  £  axis  projection  electron  diffraction  pattern  is  obtained 
and  reported.  This  represents  the  first  significant  departure  from  the  unit 
cell  obtained  by  Roche  et  al.,  and  points  to  the  probability  of  polymorphism 
for  PRT. 

Phase  behavior  after  the  Ciferri  and  Krigbaum  approach  is  investigated  and 
a  pseudo-binary  schematic  phase  diagram  for  the  PBT/MSA. H2O  system  is  presented. 
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E.  Future  Work 


The  work  that  has  been  presented  here,  coupled  with  some  preliminary 
observations  noted  below,  suggests  several  avenues  for  subsequent  investiga¬ 
tion. 

The  unit  cell  of  PBT  previously  obtained  by  Roche,  et  al.,  (18)  was 
obtained  by  fiber  diffraction  perpendicular  to  the  chain  axis.  Calculations 
from  the  intensities  of  the  equatorial  and  layer  line  reflections  were  used  to 
obtain  the  value  for  gamma  of  95.?  degrees  (18).  Attempts  by  Minter  to  stack 
films  and  view  the  £  axis  by  x-ray  diffraction  were  inconclusive  (5).  No 
electron  diffraction  data  has  previously  been  obtained  viewing  down  the  £ 
axis.  The  low  MW  of  the  PBT  used  in  this  study,  along  with  the  path  of 
crystal  formation,  allowed  this  type  of  diffraction  data  to  be  obtained  (e.g. 
Figure  III. D. 16).  The  difference  in  sample  history  is  consistent  with  poly¬ 
morphism.  However,  the  reflections  are  not  sharp  enough  to  allow  determina¬ 
tion  of  gamma  closer  than  plus  or  minus  5  degrees.  We  expect  that  through 
further  study  of  crystalline  PBT  crystallized  through  the  crystal  solvate 
intermediate,  better  diffraction  data  can  be  obtained  directly.  This  data, 
along  with  data  from  tilting  about  the  £  axis  should  give  a  well-defined  unit 
cell  and  crystal  structure  for  PBT  crystallized  in  this  way. 

While,  generally,  solvent  was  washed  out  of  the  samples  used  in  electron 
microscopy,  occasionally  diffraction  patterns  were  obtained  that  were  clearly 
not  PBT,  but  rather  a  crystal  solvate  of  PBT  (e.g.  Figure  III.E.l).  Further 
work  along  these  lines  would  enable  the  crystal  structure  of  the  crystal 
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solvate  to  be  determined,  provided  the  stoichiometric  ratio  of  PBT  to  MSA  was 
also  ascertained.  Since  more  than  one  PBT/MSA  crystal  solvate  is  believed  to 
exist,  it  would  be  useful  to  ascertain  the  crystal  structure  of  each  type. 

Characterization  of  the  polymorphs  of  the  crystal  solvate  would  be  help¬ 
ful  in  knowing  if,  after  washing,  the  residual  PBT  also  exhibits  polymorphism. 
Growth  of  PBT/MSA  crystal  solvates  includes  growth  from  isotropic,  anisotropic 
and  biphasic  regions  (e.g.  Figure  III.E.2).  The  path  dependency  of  the 
morphology  could  be  investigated  by  examining  the  crystal  solvates  grown  from 
each  phase. 

It  was  also  observed  by  optical  microscopy  that  PBT  dissolved  in  PPA  and 
very  slowly  precipitated  in  ortho  phosphoric  acid  produced  an  orange  solid  that 
melted  at  70  degrees  C  into  an  isotropic  solution.  Upon  standing  it  was 
observed  to  crystallize  from  the  outside  of  the  cover  slip  in  with  the  passage 
of  time  and  corresponding  diffusion  of  water. 

An  unexplained  observation  of  the  PBT/PPA  system  was  also  made.  When  this 
orange  solid  was  placed  on  a  glass  slide,  covered  with  a  cover  slip,  and  then 
placed  onto  a  preheated  (200  degrees  C)  hot  stage  of  an  optical  microscope, 
melting  to  an  isotropic  solution  followed  by  rapid  nucleation  and  growth  of 
spherulites  was  observed.  Whether  this  is  due  to  a  change  in  the  solvent, 

PPA,  or  to  some  more  complicated  phase  is  not  known. 

One  further  extension  of  this  work  would  be  to  investigate  poly(p~ 
phenylene  benzobisoxazole)  (PPO)  to  see  if  it  also  gives  rise  to  crystal 
solvates.  The  unit  cell  of  PBO  has  not  yet  been  determined  and  crystallization 
of  low  MW  PBO  through  the  crystal  solvate  intermediate  may  provide  a  straight¬ 
forward  means  of  determining  it.  It  now  seems  that  PBO  may  be  at  least  as 
useful  as  PBT  as  a  high-modulus  high-strength  material  and  investigations  of 
PBO  could  prove  to  be  singularly  important. 
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TABLE  II. D. 2 


MELTING  BEHAVIOR  OF  PBT/MSA.H^O  CRYSTAL  SOLVATES 


T1 

T2 

T3 

Optical  Microscopy 

90-100 

135-200 

varied:  200-300 

DSC 

90-100 

140-195 

220-245 

(All  tempertures  in  degrees  Celsius) 


TABLE  II. D. 2 

COOPERATIVE  DIFFRACTION  OF  PBT  FIBER 
AND  CRYSTAL  SOLVATE 


PBT  Fiber 

PBT  Crystal 
Solvate 

12.45  m 

12.45 

5.9  e 

7.45 

3.54  e 

5.2 

3.18  e 

4.5 

2.94  e 

4.2 

3.9 

3.6 

3.3 

2.6 

m  =  meridional 
e  =  equatorial 

(All  values  of  d  spacings  in  angstroms) 


39 


Figure  III.B.l 

Superposition  of  liquid-liquid  and  solid-liquid  phase  diagrams.  Top 
diagram  is  for  a  crystal  having  smaller  melting  transition  temperature 
and  heat  of  fusion;  bottom  diagram  is  for  larger  values. 


Figure  III.B.2 

Schematic  phase  diagram  for  rigid-rod  polymer  with  the  inclusion  of  a 
crystal  solvent.  (1)  isotropic  solution,  (2)  isotropic  solution  plus 
anisotropic  solution,  (3)  anisotropic  solution,  (4)  isotropic  solution 
plus  crystal  solvate  (6)  crystal  solvate  plus  crystalline  polymer,  (7) 
crystalline  polymer  plus  anisotropic  solution. 
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KEY  I 


Figure  III.C.l 


-  Crystal  solvata  la  squlllbrlua  with  dilute  Isotropic  solution 


a.  Drop  of  PBT/MSA  solution  is  put  on  a  clean  glass  slide, 
is  placed  over  drop,  c.  water  diffusing  into  the  solution  i 
of  crystal  solvate,  d.  crystal  solvate  is  fully  grown. 


b.  cover  slip 
nduces  growth 


Figure  III.C.2 

J:  crystal  solvates,  and  glass  slide,  after  heating  at 

about  150  C,  b.  cover  slip  is  split  off,  c.  crystal  solvate  floated 
off  onto  deionized  water,  d.  crystal  solvate  ready  to  be  picked  up  with 
electron  microscope  grids. 
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Figure  III.D.3 

Typical  Maltese  cross  extinction  pattern  of  PBT/MSA.HpO  crystal  solvate 
spherulites  viewed  under  crossed  polars  in  an  optical  microscope. 


Figure  III.D.4 

Scanning  electron  microscope  photograph  of  PBT/MSA.H-O  spherulites  having 
been  washed  in  copious  amounts  of  acetone  and  dried/ 
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Figure  III.D.5 


Optical  m 
b.  at  92° 
anisotrop 


1  micrographs  showing  melting  of  crystal  solvates,  a-  at  27  C 
92°C,  c.  at  94°C,  d.  and  e.  at  117°C.  Note  isotropic  (1), 
;ropic  (2)  and  biphasic  (3)  liquid  domains  at  117?C  equilibrium 


0p 


Figure  III.D.6 

a.  Superposition  of  liquid-liquid  and  solid-liquid  phase  diagrams  with 
the  chimney  region  inaccessible  at  equilibrium,  b.  with  chimney  region 
partially  accessible  at  equilibrium. 
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Figure  III.D.7 

Crystal  solvates  growing  from  metastable  nematic  liquid  into  equilibrium 
state  of  crystal  solvate  plus  isotropic  liquid. 


Figure  III.D.8 

A  crystal  solvate  spherulite  growing  from  a  nematic  solution. 
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Figure  III.D.9 

PBT  lamellae  remaining  after  solvent  removal  and  drying.  Electron  diffrac¬ 
tion  (inset)  reveals  the  chain  orientation  is  perpendicular  to  the  lamellae. 


* 
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Figure  III. D. 10 


Bright  field/dark  field  pair  (a  and  b  respectively)  showing  lamellae  and 
fracture  paths  of  lamellar  region  of  PBT. 
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Figure  III. D. 11  ^ ■— * 

Schematic  of  proposed  lamellar  structure  of  PBT.  a.  corresponds  to 
lamellar  width,  b.  corresponds  to  long  period. 


Figure  III. D. 12 

Equatorial  2e  scan  of  PBT  fiber. 


20  30 

26  (Degrees) 
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Figure  III. D. 13 

Electron  diffraction  data  revealing  texturing  in  PBT.  a.  el  -  e4  all  present 
in  typical  fiber  symmetric  intensities,  b.  el  and  32  only,  c.  e2  only,  d.  e2 
and  e3  only  with  e2  being  more  intense,  e.  e2  and  e3  only  with  e3  being  more 
intense. 
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Figure  III. D. 14 

Briqht  field  electron  micrographs  of  lamellar  PBT.  a.  sheaf  like  structures 
readily  apparent  and  b.  higher  magnification  of  a.  Note  fine  100  angstrom 
cross-hatching  perpendicular  to  lamellae. 
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Bright  field  image  of  "grassy  mat"  formed  by  coagulation  of  isotropic  solution. 


A- 


A 


Figure  III. D. 16 

a.  electron  diffraction  of  the  a  b  plane  of  a  twinned  crystal.  C  axis  is 
perpendicular  to  the  page,  b.  schematic  of  diffraction  pattern. 
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Figure  III.E.l 

Examples  of  crystal  solvate  diffraction.  Pattern  a  has  the  e2  PBT  arc  super¬ 
imposed  upon  it. 


Figure  III.E.2 


Crystal  solvate  growth  from  a.  isotropic,  b.  anisotropic  and  c.  biphasic 
solutions.  Left:  analyzer  removed;  Right:  polarizer  and  analyzer  crossed. 


SECTION  IV:  SPECTROSCOPIC  ANALYSIS  OF  POLY(p-PHENYLENE  BENZOBISTHIAZOLE) 

FILMS  ' 

A.  Introduction 

Fibers  of  rod-like  polymers  usually  exhibit  very  high  mechanical  modulus  and 
strength  and.  In  fact,  these  values  may  exceed  those  for  metal  on  a  per  weight 
basis  (1).  The  molecular  origin  of  the  properties  achieved  is  In  the  rigidity 
of  the  chain  backbone  commonly  found  for  this  class  of  polymers.  This  lack  of 
conformational  freedom  significantly  reduces  the  possibility  of  rotation  about 
single  bonds,  producing  effectively  straight  chain  segments,  and  eliminates  the 
degree  of  freedom  which  lowers  the  mechanical  properties.  Some  of  these 
rigid  chains  form  lyotropic  liquid  crystals.  The  isotropic  to  anisotropic  tran¬ 
sition  depends  strongly  on  concentration,  molecular  weight,  and  temperature 
(2,3).  From  processing  considerations,  it  Is  advantageous  to  spin  fibers  or 
extrude  bulk  Items  from  the  anisotropic  state.  This  complicated  process 
Involves  several  steps:  1)  dissolution  of  the  polymer  In  a  suitable  solvent, 

2)  extrusion  In  the  anisotropic  state  into  a  coagulating  bath,  3)  washing  and 
neutralization,  and  4)  post-processing  treatments.  An  Interesting  polymer  In 
this  class,  poly(p-phenylene  benzoblsthlazole)  (PBT),  has  been  brought  to  our 
attention.  The  highly  oriented  fibers  obtained  from  this  polymer  by  following 
the  processing  procedure  described  above  exhibit  extremely  high  mechanical 
properties  In  terms  of  modulus  and  strength  (4).  The  Improvement  In  properties 
Is  particularly  evident  after  annealing  under  tension  (4,5).  After  this  post¬ 
processing  treatment,  the  sample  color  changes  (6),  the  lateral  dimension  of  the 
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crystallites  Increases  (5),  chain  segment  orientation  Improves  (5),  and  a 
portion  of  the  sample  may  degrade  (7).  Poly(p-phenylene  benzoblsthl azole)  Is 
only  soluble  In  some  of  the  strongest  acids,  such  as  polyphosphorlc  acid, 

chlorosulfonlc  acid,  methane  sulfonic  acid,  and  100%  sulfuric  acid.  Since  remo¬ 
val  of  the  acid  during  the  coagulation  and  washing  Is  a  diffusion  process,  and 
because  of  the  Inhomogeneous  morphology  usually  found  for  this  type  of  polymer 
(8),  residual  acid  and  water  often  remain  In  the  processed  fibers.  The  presence 
of  residual  acid  and  water  in  the  post-processing  sample  is  of  obvious  Interest, 
not  only  because  It  Influences  the  perfection  of  chain  packing  and  Interacts 
with  the  matrix  material  used  for  composites,  but  it  may  also  Initiate  unex¬ 
pected  chemical  reactions  with  the  polymer  during  post-processing  thermal  treat¬ 
ment,  consequently  leading  to  crosslinking  or  degradation. 

The  principal  aim  of  this  spectroscopic  analysis  is  to  measure  the  amount 
and  the  environment  of  residual  acid  and  water  molecules  in  these  processed 
samples.  Infrared  spectroscopy  provides  a  convenient  and  effective  method  to 
determine  the  concentration  of  acid  or  water  In  a  sample.  Beer's  law  relates 
the  absorbed  infrared  band  Intensity  to  the  concentration  of  a  constituent  by 
the  equation: 


A  ■  In  *  abc 


(1) 


where  A  equals  the  absorbance  of  the  constituent,  IQ  equals  the  radiation  Inten¬ 
sity  Impinging  on  the  sample,  I  equals  the  radiant  Intensity  transmitted  by  the 
sample,  a  equals  the  absorption  coefficient  of  the  constituent  at  a  particular 
frequency,  b  equals  the  path  length,  and  c  equals  the  concentration  of  the 
constituent  In  the  sample.  If  the  absorption  coefficient  and  the  samDle 
pathlength  are  known,  characteristic  band  absorbance  can  be  converted  to  con¬ 
centration. 

In  addition  to  determining  concentration,  we  are  quite  Interested  In 
clarifying  the  location  of  the  acid  and  water  molecules.  Attenuated  total 
reflectance  spectroscopy  allows  us  to  sample  a  specimen  at  controlled  depths. 

Our  results  are  reported  here. 

B.  Experimental 

Fourier  transform  infrared  (FTIR)  spectroscopy  provides  a  very  reliable 
Intensity  (absorbance)  measurement.  All  of  our  infrared  spectra  were  taken  on  a 
Nicolet  7199  FTIR  spectrometer,  except  for  the  attenuated  total  reflectance 
(ATR)  measurements,  which  were  taken  on  an  IBM-98  evacuable  FTIR  spectrometer. 
With  this  IBM  instrument,  the  elimination  of  any  trace  of  water  in  the  beam  path 
greatly  Increases  the  ability  of  the  spectrometer  to  measure  low-absorbing 
species  accurately.  The  attenuated  total  reflectance  attachment  was  purchased 
from  Harrlck  Scientific.  This  attachment  Is  quite  flexible,  allowing  us  to 
select  a  continuous  range  of  incident  angles.  In  order  to  vary  the  depth  of 
penetration  further,  both  KRS-5  and  Ge  crystals  were  used.  When  necessary,  a 
demountable  liquid  cell,  also  purchased  from  Harrick  Scientific,  was  used.  The 
heating  cell  used  was  built  in  this  laboratory.  The  highest  temperature  that 
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can  be  achieved  Is  415°C  under  inert  atmosphere.  All  spectra  were  recorded  with 
2  cm"1  band  resolution,  and  100  to  200  scans. 

The  two  PBT  films  used  In  this  study  were  furnished  by  Celanese  Research 
Co.  The  first  sample,  Sj,  was  dried  at  room  temperature,  has  a  denier  value  of 
380,  and  is  4.2  mm  In  width.  The  second  sample,  S2»  was  dried  at  109°C,  has  a 
denier  value  of  1570,  and  Is  8.5  mm  in  width.  Both  of  these  films  were  used  In 
the  study  to  characterize  residual  acid  and  water,  but  only  the  Sj  film  was 
studied  for  post -processing  mlcrostructural  changes.  Thermal  annealing  was 
carried  out  at  the  University  of  Massachusetts  under  the  conditions  described 
In  reference  9.  The  polyphosphorlc  acid  (PPA)  was  purchased  from  Sigma.  It 
contains  82-86%  of  P2°5*  Although  most  of  the  PBT  samples  are  essentially 

Insoluble  after  processing,  they  can  be  swollen  by  soaking  In  polyphosphorlc 
acid. 

A  typical  transmission  Infrared  spectrum  obtained  for  a  poly(p-phenylene 

benzothiazole)  film  is  shown  in  Figure  IV.B.l.  Polarized  spectra  are  shown  in 
Figures  IV.B.lb  and  IV.B.lc.  The  spectra  of  S-j  and  films  are  very  similar. 

The  only  noticeable  difference  is  that  the  broad  water  band  appears  in  the 
spectrum  of  the  first  sample  but  not  of  the  second. 
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C.  Results  and  Discussion 

A  comparison  of  the  spectra  of  the  as-prepared  film  with  a  PPA-swollen  film 
demonstrates  conclusively  that  the  medium  to  strong  bands  at  2850,  2250,  and 
1005  cm"1  can  be  associated  with  PPA.  Their  intensities  Increase  with  swelling 
time.  The  difference  spectrum  can  be  compared  to  the  pure  acid  spectrum,  as 
shown  in  Figure  IV.B.2.  After  thermal  annealing,  some  of  the  infrared  active  bands 
of  PBT  exhibit  both  frequency  and  shape  changes,  causing  some  sharp  features  to 
be  superimposed  on  the  broad  acid  bands  In  the  difference  spectrum.  The  absorp¬ 
tion  coefficient  of  characteristic  PPA  bands  can  be  calculated  from  their  absor¬ 
bance  when  measured  with  a  liquid  cell  of  well  defined  path  length.  In  this 
case  the  path  length  b  Is  6  yin.  In  our  study  concentration  Is  expressed  In 
terms  of  volume  percentage,  that  Is,  a  pure  acid  has  100%  by  volume  con¬ 
centration.  From  our  measurements,  the  absorption  coefficients  of  2850  and  1005 
cm"1  are  then  calculated  to  be  0.13  ynf1  and  0.2  ynf1  respectively. 

The  accuracy  of  the  acid  concentration  determination  within  PBT  films 
depends  greatly  on  the  film  thickness  measurements  which  can  be  taken  by  two 
different  methods.  The  first,  simply  using  a  micrometer.  Is  easy  to  conduct, 
but  only  reliable  for  thicker  samples.  A  second  method,  Flzeau  fringes  (10),  Is 
suitable  for  films  thinner  than  10  ym.  In  addition,  the  sample  thickness  can 
also  be  calculated  from  Its  denier  value  and  crystalline  density.  The  density 
of  PBT  film  measured  by  pycnometer  Is  1.5  g/cm3  (4),  whereas  the  calculated 
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value  from  a  proposed  unit  cell  ranges  from  1.69  to  1.71  g/cm^  depending  on 
the  unit  cell  model  (11).  We  used  p  =  1.5  g/cm^  in  our  calculations.  The 
thicknesses  calculated  this  way  are  In  good  agreement  with  the  Flzeau  fringe 

values  (Table  IV.B.l),  although  both  values  deviate  from  the  micrometer 
measurements.  Part  of  the  problem  in  thickness  measurements  by  micrometer 
can  be  attributed  to  the  thicker  edges  of  each  sample.  A  diagram  of  the  sample 
cross  section  for  an  S-|  film  is  shown  in  Figure  IV. B. 3.  This  feature  may  be 
due  to  non-uniform  sample  contraction  during  the  coagulation  process. 

The  absorbance  measured  at  2850  cm‘^  of  the  S2  film  is  0.17.  With  the 
absorption  coeffient  measured  for  PPA,  from  Beer's  law,  we  determined  the  acid 
content  In  the  film  to  be  9.3%  by  volume.  For  the  Sj  film,  the  amount  of  acid 
was  determined  to  be  6.2%  by  volume.  Despite  the  substantial  amount  of  washing 
commonly  used  in  processing,  our  measured  values  demonstrate  that  the  residual 
acid  In  such  films  is  considerable. 

The  band  observed  at  approximately  3300  cm*1  in  the  spectrum  of  the  Si  film 
(Figure  IV.B.la)  is  assignable  to  the  OH  stretching  vibration  of  water  molecules. 
This  band  does  not  appear  in  the  spectrum  of  the  Sg  film.  Indicating  that 
drying  at  109°C  is  sufficient  to  remove  water  introduced  during  the  coagulation 
and  washing  cycles.  The  absorption  coefficient  of  the  water  band,  a.  Is  related 
to  the  Imaginary  part  of  the  refractive  index,  nj,  by  a(x)=  4irn.j(x).  For  water 
at  approximately  3300  cm"1  ni  Is  0.29  (12).  Therefore,  a  Is  1.24.  Using  the 
same  calculation  employed  to  determine  the  acid  concentration,  the  water  content 
In  the  Si  film  was  found  to  be  1.1%  by  volume.  It  Is  interesting  to  note  that 
this  water  concentration  Is  much  lower  than  the  acid  content. 
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In  addition  to  concentration  determination,  we  are  also  quite  Interested  In 
clarifying  where  the  acid  or  water  molecules  are  located.  From  polarized 
spectra  It  Is  Interesting  to  note  that  the  dlchrolc  ratio  of  the  water  band  at 
3300  cm”*  Is  1.9  while  that  of  PPA  at  2850  cm“*  Is  1.03.  An  Isotropic  sample 
should  have  a  dlchrolc  ratio  of  1.0.  The  high  dlchrolc  ratio  of  the  water  mole¬ 
cules  suggests  that  they  are  packed  in  a  highly  oriented  fashion  In  the  film. 
Therefore,  it  Is  not  possible  to  assign  the  location  of  the  water  molecules  only 
to  the  macrovoids  introduced  during  the  coagulation  cycle.  Our  data  seem  to 
suggest  that  the  water  molecules  are  packed  in  between  the  PBT  molecules  or 
fibrils.  The  nearly  Isotropic  value  measured  for  the  acid  does  not  necessarily 
mean  that  acid  molecules  are  completely  random  in  orientation.  Even  for  a 
unlaxially  oriented  system.  If  the  transition  moment  of  the  vibrational  band 
forms  an  angle  of  55°  with  respect  to  the  extrusion  direction,  the  dichroic 
ratio  measured  will  be  1.0. 

Because  of  the  processing  conditions  used,  we  feel  there  may  be  substantial 
differences  In  the  microstructure  between  the  film  surface  and  the  Inner  bulk, 
as  suggested  earlier  for  poly(p-phenylene  terephthalate)  (8).  Attenuated  total 
reflectance  (ATR)  spectroscopy  is  often  used  to  obtain  surface  information.  The 
depths  that  this  technique  can  monitor  depend  on  the  frequency  of  the  Incident 
radiation,  the  refractive  Index  of  the  sample,  the  internal  reflectance  element 
(IRE),  and  the  Incident  angle  (13): 

dp  '  -  (4^1/2  <2> 
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where  dp  is  the  depth  of  penetration  for  which  the  electric  field  strength  has 
decreased  to  1/e  of  Its  value  at  the  surface;  n  Is  the  refractive  index  of  the 
film,  nIR£  Is  the  Index  of  refracton  of  the  reflecting  element,  9  is  the  Inci¬ 
dent  angle,  and  X  is  the  wavelength.  In  the  case  of  unlaxlally  extruded  films, 
a  large  degree  of  optical  anisotropy  Is  exhibited  due  to  the  molecular  orien¬ 
tation  such  that  the  refractive  index  along  the  extrusion  axis  (n , )  is  higher 
than  that  perpendicular  to  the  same  axis  (nj)*  As  a  first  order  approximation. 
If  we  use  a  linear  polarized  transverse  magnetic  (TM)  wave  as  the  incident  beam 
with  the  extrusion  axis  either  In  the  incident  plane  or  perpendicular  to  It,  the 
depth  of  penetration  then  depends  on  n  being  ng  or  n^,  respectively.  For  PBT 
film  S2*  nu  and  ni  were  measured  to  be  2.52  ±0.04  and  1.64  ±0.04  respectively 
(we  will  discuss  the  measurement  later). 

For  a  45°  incidence  angle,  using  a  germanium  crystal  as  the  Internal 
reflecting  element,  we  have  dp^O^  ym  or  0.38  ym  at  2850  cm"1  or  3300  cm"1 
respectively  for  n11a!2.52;  dpl=0.24  ym  or  0.21  ym  at  2850  cm-1  or  3300  cm"1  for 
n1*1.64.  It  should  be  emphasized,  however,  that  if  a  quantitative  evaluation  of 
acid  or  water  concentration  as  a  function  of  thickness  Is  needed,  the  effective 
thickness,  de,  must  be  used,  not  the  depth  of  penetration  (14).  In  some  cases 
de  and  dp  can  be  similar;  In  other  cases  they  differ  significantly.  Therefore, 
the  depth  we  are  studying  can  be  as  deep  as  1.28  ym  (del)  for  nf=2.52. 

Therefore,  the  spectra  obtained  by  the  ATR  technique  Is  truly  representative  of 
the  surface  structure  in  our  samples. 

The  spectra  obtained  with  the  ATR  technique  showed  no  trace  of  acid  bands 
In  the  first  0.24  ym  layer  of  the  Sj  film.  But  water  bands  (3300  cm"1)  do 
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appear  at  this  depth  (Figure  IV. B. 4).  From  the  observed  absorbance  and  the  calcu 
lated  absorption  coefficient  of  water  at  this  frequency,  we  estimate  there  is 
23%  water  by  volume  In  the  region  from  the  surface  to  a  depth  of  0.21  urn,  if 
Beer's  law  is  applied.  The  comparison  between  the  reflection  (surface)  and 
transmission  (bulk)  spectra  suggests  that  water  is  mostly  concentrated  in  the 
skin  of  the  film  while  PPA  is  located  in  the  core.  We  also  noticed  that  the  as- 
prepared  S2  film  d<>es  not  show  any  water  trace  by  the  transmission  method, 
whereas  the  S\  film  does.  The  difference  between  the  two  films  Is  in  their  pre¬ 
paration;  the  S2  sample  was  dried  at  the  fairly  high  temperature  of  109°C,  the 
Si  sample  was  dried  at  room  temperature.  After  heating  the  film  to  110°C  in 
vacuo  for  1  hour,  its  spectrum  also  showed  no  evidence  of  the  water  band.  And 
if  this  dried  film  is  left  in  the  open  air  for  a  few  days,  water  bands  will 
reappear. 

Wide  angle  X-ray  scattering  data  of  annealed  PBT  films  show  a  well  defined 
lateral  spacing  between  PBT  molecules,  from  which  the  unit  cell  was  deduced 
(11).  Therefore,  it  is  difficult  to  imagine  PPA  molecules  uniformly  packed  with 
PBT  molecules.  A  possible  picture  Is  that  PBT  molecules  form  aggregates  or 
fibrils  and  the  residue  acid  is  packed  between  these  aggregates  or  fibrils. 

From  both  fundamental  and  practical  considerations  the  presence  of  signifi¬ 
cant  amounts  of  residual  acid  Is  troublesome.  From  past  studies,  residual  acid 
is  difficult  to  remove  (5).  In  our  study,  films  boiled  in  distilled  water  for 
more  than  two  weeks  still  exhibit  evidence  of  acid.  Application  of  a  weak  base 
(NH4OH)  or  a  strong  base  (NaOH)  was  not  effective  in  neutralizing  the  acid. 

Since  the  apparent  acid  exists  in  the  core  region  of  the  film,  it  is  difficult 
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for  either  water  molecules  or  base  molecules  to  diffuse  through  the  skin  region 
Inward.  On  the  other  hand,  the  densely  packed  skin  prevents  the  acid  molelcules 
from  diffusing  out.  From  spectroscopic  analysis.  It  Is  clearly  evident  that  the 
high  temperature  annealing  can  remove  most  of  the  residual  acid.  The  spectrum 
of  Sj  film  after  annealing  at  415°C  In  the  presence  of  nitrogen  are  shown  In 

Figure  IV. B. 5.  Characteristic  PPA  bands  disappeared  after  annealing  for  30  min. 
Actually,  even  with  heating  to  300°C  one  can  reduce  the  acid  content  signifi¬ 
cantly.  Although  heating  at  even  more  elevated  temperatures  Is  more  efficient 
In  removing  acid,  there  are  definite  alterations  in  the  spectrum  accompanying 
the  diminishing  of  the  acid  bands.  The  PBT  bands  at  837  cm"1  and  605  cm“* 
Intensify  without  changes  In  either  frequency  or  shape  after  annealing.  These 
spectroscopic  changes  arise  from  the  mlcrostructural  changes  of  PBT  molecules. 

Because  of  Its  simplicity,  birefringence  has  often  been  used  to  estimate 
segmental  orientation,  since  the  Index  of  refraction  can  be  very  different 
for  the  direction  perpendicular  to  the  chain  axis,  n^  versus  the  parallel  one, 
n„.  Our  Infrared  spectroscopic  measurements  provide  one  possibility  to  obtain 
n„  and  nA. 

The  high  birefringence  of  PBT  is  mainly  due  to  the  high  degree  of  orien¬ 
tation  of  polymer  chains  in  the  film.  For  highly  birefrlngent  material,  a  light 
with  polarization  parallel  to  the  optical  axis  will  experience  a  different 
refractive  Index  from  a  light  polarized  perpendicularly  to  the  same  axis.  The 
relative  magnitude  of  the  index  of  refraction  depends  very  much  on  the  polariza¬ 
bility  of  the  molecule,  that  is  the  electron  binding  force.  A  strong  binding 
force  corresponds  to  low  polarizability,  therefore  a  low  refractive  Index.  The 
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exact  relationship  Is  usually  expressed  by  the  Lorentz-Lorenz  equation  (10): 


where  p  is  the  sample  density,  a  the  polarizability  tensor,  Avagadro's 
number,  and  M  the  molecular  weight.  According  to  Bhaumik's  calculation  (15), 
the  polarizability  along  the  chain  axis  has  the  highest  value.  Since  PBT  chains 
have  a  uniaxial  geometry  In  the  film  (5),  the  refractive  Index  along  the  extru¬ 
sion  axis  has  a  higher  value  than  the  ones  along  the  transverse  direction. 
However,  the  refractive  index  varies  with  orientation.  Its  value  should  then  be 
expressed  in  terms  of  average  polarizability: 


n*  -  1  a  An 
+  2  ^ 


<a> 


(4) 


where  <a>  is  the  a  averaged  for  all  possible  orientations.  In  the  first  order 
of  approximation,  poly(p-phenylene  benzobisthi azole)  film  is  assumed  to  possess  a 
perfect  uniaxial  orientation  and  the  contribution  to  the  polarizability  from  the 
intermolecular  interaction  is  small,  the  refractive  index  along  each  principal 
axis  of  the  polarizability  tensor  can  be  expressed  as 

\  °  T1" a1i  1  =  x’y’z  (5) 

where  is  the  polarizability  component  along  the  1th  axis.  The  principal 
polarizability  components  were  calculated  by  Bhaumik  and  his  coworkers  by 
means  of  the  bond  additivity  method  (15).  In  their  calculation,  the  chain  axis 
was  taken  to  be  the  y  axis  and  the  plane  of  the  phenyl ene  ring  lies  In  the  x-y 
plane  with  the  heterocyclic  ring  tilted  away  from  this  plane  at  an  angle  of 
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23.2°.  The  calculated  results  are  ^xx3^7,5  A3*ayy“41*7  *3»  andazz*23.3  A3. 
Substituting  these  values  Into  the  Lorentz-Lorenz  equation,  the  Indices  of 
refraction  along  the  three  axes  are  nx=2.11,  ny*2.31,  and  nz»1.58  for  p=1.5  g/cm3. 
A  similar  calculation  was  carried  out  by  Hamza  and  Slkorskl  for  poly(p-phenylene 
terephthal amide)  (16).  They  found  n^  s  2.199  and  nA  *  1.742.  However,  their 
measured  values  are  n iJs*2.267  and  n^l.605  for  Kevlar  49  (16). 

In  addition  to  the  theoretical  calculation,  the  Index  of  refraction  In  the 
Infrared  region  can  be  measured  by  the  ATR  technique.  Even  with  this  technique 
there  are  several  methods  that  can  be  used  to  obtain  the  optical  constants  of  a 
material  (17).  We  followed  the  method  outlined  by  Mlrabella  (18).  His  method 
Is  based  on  the  fact  that  the  ATR  spectra  will  "degenerate"  to  dispersion  curves 
when  the  Incident  angle  reaches  the  critical  angle.  By  examining  the  bandshapes 
of  spectra  at  various  Incident  angles,  one  can  determine  the  critical  angle 
for  the  sample  and,  therefore,  the  refractive  index.  This  method  is  believed  to 

be  quite  sensitive  (18).  Fiqure  IV. B. 6  shows  the  spectra  in  the  1000-1400  cm-1 
region  of  a  PBT  S2  film  on  a  KRS-5  crystal  as  a  function  of  Incident  angle. 

Notice  that,  for  the  ni  measurements,  by  examining  the  lower  frequency  side 
of  each  band,  the  spectra  degenerate  to  dispersion  curves  between  45°  and  42.1°. 

indicating  that  the  critical  angle  lies  very  close  to  43.7°  (Figure  IV. B. 6),  while 
there  Is  a  substantial  difference  between  nt  and  nx,  the  nA  measurement  was 

carried  out  using  a  KRS-5  IRE  crystal,  and  the  n;i  measurement  was  carried  out 
using  a  6E  element.  For  the  na  measurement  the  critical  angle  Is  38.94°.  Thus 
n1*1.64  ±0.04  and  na=2.52  ±0.04.  Even  though  we  have  corrected  for  the  non¬ 
normal  Incidence  of  the  Incident  beam,  some  uncertainty  due  to  the  convergence 
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of  the  Incident  beam  used  and  the  error  In  the  angle  measurement  still  exists  and 
Is  given  above. 

The  same  measurements  done  on  the  heat-tension  treated  film  show  nA*1.61 
±0.03  and  naa2.60  ±0.03.  Although  the  values  for  the  heat-tension  treated 
samples  are  essentially  the  same  as  those  for  the  S2  film  (within  the  range  of 
uncertainty)  the  higher  value  In  nj  and  lower  value  In  nA  are  persistently 
recorded.  This  feature  Is  consistent  with  the  higher  molecular  orientation 
reported  for  the  heat-tension  treated  material  (9).  The  birefringence “  n=na-nj 
In  the  Infrared  region  Is  caluclated  to  be  0.88  ±0.04,  a  value  smaller  than  the 
1.5  suggested  by  Berry  (19). 

In  our  analysis,  the  P8T  molecules  were  assumed  to  be  cyllndrically 
symmetrical.  The  actual  structure  deviates  from  this  assumed  one  In  that  uni- 
planar  orientation  may  exist  (20).  However,  our  calculated  values  are 
surprisingly  close  to  the  measured  ones  (nys2.31  versus  ^=2.52  and  nx*2.11  or 
n2al. 58  versus  nA=1.64).  The  intermolecular  field 

may  perturb  the  single  chain  polarizability.  These  perturbations  should  affect 
the  transverse  polarizabilities  In  the  x  and  z  directions  much  more  so  than 
along  the  chain  axis.  This  may  explain  the  much  higher  agreement  between  the 
calculated  and  experimental  values  of  n„  than  for  those  of  nx  or  nz. 


D.  Conclusions 


By  using  the  attenuated  total  reflectance  technique  in  conjunction  with 
commonly  employed  transmission  Infrared  spectroscopy  we  were  able  to  determine 
quantitatively  the  residual  water  and  acid  content  in  poly(p-phenylene  benzo- 
blsthlazole)  films.  It  is  surprising  that  the  volume  fraction  of  water  mole¬ 
cules  can  be  so  high  in  the  first  0.21  um  layer.  Also, 

post -processing  annealing,  even  with  very  moderate  temperatures,  can  remove  the 
water  effectively.  The  acid  was  found  mainly  In  the  interior  of  the  film.  This 
Is  not  surprising  due  to  the  fact  that  acid  removal  during  coagulation  and 
washing  and  neutralization  after  coagulation  are  essentially  diffusion  processes. 
The  "sk1n“  first  formed  during  the  initial  stage  of  coagulation  provides  a 
fairly  high  barrier  for  the  acid  molecules  to  move  outward  and  the  water  or  base 
molecules  to  move  Inward.  We  have  also  shown  that  post -processing  annealing 
with  high  tempeatures  can  remove  acid  as  well.  But  films  exposed  to  such  high 
temperature  treatment  do  show  new  spectroscopic  features  suggesting  that  the 
polymer  structures  have  been  altered.  Using  the  absorbance  values  measured  by 
Infrared  Irradiation,  the  birefrlgence  of  poly(p-phenylene  benzoblsthlazole)  has 
been  determined  to  be  0.88  ±0.04  in  the  infrared  region,  a  value  much  smaller 
than  previously  suggested,  but  close  to  that  of  poly(p-phenylene  terphthalate). 
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TABLE  IV.B.l 


PROPERTIES  OF  SAMPLE  FILMS 


Drying  temperature 
Denier  (g/9000  m) 

calculation^3) 
Thickness  Flzeau  fringes 
micrometer 

^Density  was  taken  to  be  1.5  g/cm 


Si  Sg 

room  temperature  109°C 

380  1570 

6  ym  14  pm 

6  ±  lym  12  ±4ym 

13  ym  18  ym 
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Figure  IV.B.l 

The  infrared  spectra  obtained  for  the  po1y(p-phenylene  benzobisthiazole) 
film  St;  a)  obtained  using  unpolarized  irradiation;  b)  spectrum  obtained 
using  irradiation  polarized  parallel  to  the  extrusion  (chain)  direction; 
c)  spectrum  obtained  using  irradiation  polarized  perpendicularly  to  the 
chain  axis. 
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Figure  IV. B. 2 

a)  Infrared  spectrum  of  pure  polyphosphoric  acid 
between  an  as-prepared  film  and  an  annealed  film, 
the  y  axis  of  this  spectrum  has  been  expanded. 


1000  500 


b)  difference  spectrum 
For  the  sake  of  clarity, 
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Figure  IV. B. 3 

Schematic  drawing  of  a  S-,  film  cross  section 


Figure  IV. B. 4 
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Infrared  spectrum  obtained  for  the  poly(p-phenylene  benzobisthiazole)  film 
Si  using  attenuated  total  reflectance  technique.  Germanium  crystal  was  used 
with  an  incident  angle  of  45°. 


Figure  IV. B. 5 


Infrared  spectrum  obtained  for  the  poly(p-phenylene  benzobisthiazole)  film 
annealed  at  415°C  under  tension. 


Figure  IV. B. 6 

ATR  spectra  of  PBT  film  on  KRS-5  as  a  function  of  angle  of  incidence  0  = 
a)  42.1°,  b)  42.9°,  c)  43.7°,  and  d)  45°.  This  is  done  by  using  TM  wave 
and  the  extrusion  axis  oriented  perpendicular  to  the  incident  plane. 
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SECTION  V.  TEMPERATURE  AND  STRAIN  RATE  DEPENDENCE  OF  THE  DEFORMATION  BEHAVIOR 
OF  POLY(PARAPHENYLENE  BENZOBISTHIAZOLE) 

A.  Summary 

The  mechanical  properties  of  PBT  films  feature  an  Interesting  temperature 
and  strain  rate  dependence.  The  elastic  modulus  and  yield  behavior  have  been 
studied  over  a  wide  temperature  range  from  30°C  to  650°C.  The  onset  of  a  struc¬ 
tural  reorganization  is  observed  at  about  300°C.  The  dependence  of  yield  stress 
on  strain  rate  at  different  temperatures  was  examined  In  terms  of  the  Eyrlng 
theory  of  an  activated  rate  process.  We  found  that  the  stress  activation 
volume  varies  with  temperature.  The  overall  elastic-plastic  behavior  as  a  func¬ 
tion  of  temperature  and  strain  rate  was  Interpreted  in  terms  of  a  previously 
suggested  model  that  Incorporates  residual  stresses  in  a  rigid  rod-like  polymer. 
Enhancement  of  modulus  was  also  observed  due  to  deformation  of  the  films  under 
elevated  temperatures,  where  better  molecular  orientation  and  lateral  ordering 
are  achieved. 

B.  Introduction 

Poly-(p-phenylene  benzoblsthl azole)  (PBT)  is  a  wholy  aromatic,  extended 
chain,  rigid  rod-like  polymer.  It  can  be  processed  into  fibers  and  thin  films 
of  high  modulus,  high  strength  and  good  thermal  stability  [1-4].  The  structure 
of  PBT  has  been  reported  as  well  aligned  rods  packed  in  a  two-dimensional  net 
with  translational  displacements  along  the  chain  axis  [5].  The  morphological 
features  and  mechanical  properties  of  PBT  films  before  and  after  heat  treatment 
are  discussed  In  a  recent  communication  [6],  where  the  elastic-plastic  behavior 
of  the  material  Is  accounted  for  by  a  nonuniform  residual  stress  distribution. 
The  tension  heat  treatment  enhances  greatly  the  axial  modulus  and  strength. 
Straightening  of  buckled  macrostructure  regions  was  observed  by  scanning 
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electron  microscopy.  A  more  detailed  model  Incorporating  the  residual  stresses 
Introduced  during  coagulation  of  a  rod-like  structure  has  been  developed  to 
Interpret  the  effectiveness  of  tension  heat  treatment  In  case  of  PBT  fibers  [4], 
The  overall  sample  orientation  Improvement  and  lateral  crystallite  size  Increase 
from  tensioned  heat  treatment  has  been  detected  by  means  of  WAXS  In  both  fibers 
and  films  [6-9]. 

The  primary  emphasis  of  previous  studies  was  focused  on  the  deformation 
behavior  and  morphological  aspects  evaluated  before  and  after  heat  treatment. 
Limited  data  are  available  on  the  mechanical  properties  of  PBT  fibers,  measured 
at  high  temperatures.  An  Interest  arose  to  follow  the  mechanical  properties  and 
failure  mechanism  as  a  function  of  temperature  and  strain  rate.  Tensile  defor¬ 
mation  as  a  material  response  to  temperature  and  loading  rate  is  of  great 
theoretical  and  technical  Interest. 

The  experimental  part  of  the  work  reported  below  Includes  the  following: 
determination  of  the  temperature  dependence  of  tensile  modulus,  yield  stress  and 
ultimate  properties  of  PBT  film  by  means  of  short-term  isothermal  test s^  eva¬ 
luation  of  the  effect  of  annealing  on  the  modulus  changes  on  the  return  cycle 
(cooling);  measurements  of  the  yield  stress  as  a  function  of  strain  rate  at  dif¬ 
ferent  temperatures  and  thermal  stress  analysis  for  the  samples  subjected  to 
successive  heating.  The  data  obtained  indicate  that  as-extruded  PBT  films 
undergo  a  structural  transition  in  the  temperature  range  close  to  300*0  which 
changes  the  character  of  the  tensile  and  stress-relaxation  behavior. 


i 
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C.  Experimental  Details 

« 

1.  Material 

The  PBT  films  used  in  this  study  were  obtained  from  Celanese  Research 
Corporation.  Films  were  extruded  through  a  dry-jet  wet  spin  apparatus  from  PBT 
solution  In  polyphosphorlc  acid  {9.2%  solids)  into  a  water  coagulation  bath. 
Deionized  water  was  used  as  a  washing  bath.  The  measured  denier  was  416 
and  final  width  of  the  air-dried  (without  tension  applied)  samples  was  4.5mm. 

2.  Tensile  Tests 

The  tensile  tests  were  performed  on  a  Instron  Testing  Machine  with  strain 
3 

rates  from  0.04  x  10”  sec”1  to  8.33  x  10”3  sec"1  and  over  a  range  of  tem¬ 
perature  from  30°C  to  675°C  in  nitrogen  atmosphere.  Test  samples  of  gauge 
length  200  mm  were  aligned  inside  a  tubular  oven  parallel  to  the  axis  of  the 
jaws  of  an  Instron  machine.  Free  ends  of  the  samples  mounted  on  the  paper  tabs 
were  gripped  outside  of  the  oven.  Room  temperature  air  was  blown  onto  the  jaws 
in  order  to  minimize  the  machine  compliance  due  to  heating.  Samples  were  con¬ 
ditioned  for  5  minutes  at  each  temperature  prior  to  each  test. 

3.  Oven  Construction 

Figure  V.C.l  shows  a  schematic  diagram  for  the  oven  used  as  environmental 
chamber.  It  consists  of  two  coaxial  silica  cylinders.  Heating  wires  were 
wrapped  on  the  surface  of  the  inner  cylinder.  The  outer  cylinder  was  Insulated 
with  asbestos  and  covered  with  a  metal  jacket.  The  oven  was  provided  with  two 


gas  Inlets.  Nitrogen  gas  was  purged  Into  the  upper  Inlet  at  a  rate  of  4 
llters/mln  during  the  heating  and  20  llters/mln  when  cooling  was  required.  The 
gas  circulates  around  the  wiring  In  the  space  between  two  tubes  and  enters  the 
specimen  chamber  through  the  lower  Inlet  In  the  Inner  cylinder. 

Nitrogen  gas  circulation  surpresses  the  oxidation  process  of  the  polymer 
and  regulates  the  heating  and  cooling  of  specimen  chamber.  The  upper  and  lower 
ends  of  the  oven  were  sealed  with  asbestos  covers  such  that  only  two  small  ports 
were  left  to  allow  sample  Insertion.  A  removable  flattened  metal  tube  was  used 
to  avoid  sample  damage  during  this  Insertion.  A  platinum  RTD  thermocouple  was 
placed  near  the  sample  surface  In  the  middle  of  the  oven.  Temperature  control 
and  regulation  was  provided  by  means  of  a  rheostat.  The  temperature  gradient 
along  the  oven,  from  the  middle  to  the  ends,  was  measured  as  -0.34°C/mm  at  100ttC 
and  -l.l°C/mm  at  700°C. 

4.  Force-Temperature  Experiment 

Using  the  previously  described  equipment,  the  stress  changes  in  the  sample 
could  be  followed  over  a  temperature  range  of  30°C-650°C.  A  heating  rate  of 
llVmin  with  a  variation  +_  3°/m1n  was  controlled  manually. 

D.  Results  and  Discussion 

1.  Stress-Strain  Behavior 

The  PBT  films  possess  an  elastic-plastic  type  of  deformation  at  test  tem¬ 
peratures  from  30°C  and  up  to  550°C.  The  departure  from  linear  elastic  behavior 
and  influence  of  tension  heat  treatment  on  the  deformation  behavior  has  been 
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previously  discussed  in  terms  of  structural  irregularities  and  Internal  stresses 
Introduced  during  processing.  The  plasticising  effect  of  any  residual  solvent 
also  has  to  be  taken  into  consideration  [10],  More  careful  examination  of  this 
matter  Is  In  progress  and  will  be  reported  in  a  future  communication  [20]. 

Representative  stress-strain  curves,  for  different  temperatures,  obtained  at 

3 

the  same  strain  rate  (0.08  x  10"  sec”1)  are  shown  In  Figure  V.D.l.  We  observed 
that  the  portion  of  the  apparent  plastic  deformation  gradually  Increased  at  the 
expense  of  an  elastic  one  In  the  30°C-300°C  region.  The  reverse  was  observed 
when  the  temperature  was  further  Increased.  The  material  became  stiffer  again 
and  showed  a  dominant  elastic  behavior.  The  stress-strain  dependence  at  580°C 
and  above  appeared  to  be  completely  linear. 

The  dependence  of  ultimate  stress  and  strain,  yield  stress  and  elastic  modu¬ 
lus  on  the  temperature  was  derived  from  the  stress-strain  curves.  The  value  of 
the  highest  stress  was  taken  as  the  ultimate  strength  op.  The  ultimate  strain 
ep  corresponds  to  the  elongation  at  the  breaking  point  with  the  Young's  modulus 
E  calculated  from  the  slope  of  the  Initial  linear  region  of  the  stress-strain 
curve.  The  yield  point  was  estimated  from  the  Intersection  of  two  tangent  lines 
[11]. 

The  mean  value  of  ep(T),  op(T),  oy(T)  and  E(T)  are  plotted  in  Figure  V.D.2  as 
ratios  of  the  characteristic  values  obtained  at  room  temperature.  According  to 
these  data  PBT  can  be  regarded  as  an  interesting  thermally  stable  polymer,  whose 
strength  hardly  changes  up  to  450°C.  The  fact  that  ultimate  strength  does  not 
decrease  In  this  region  may  Indicate  a  more  efficient  straightening  of  the 
buckled  elements  during  the  testing  at  higher  temperatures,  causing  an  Internal 
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stress  redistribution  with  resulting  changes  In  the  spectrum  of  the  defects 
responsible  for  the  specimen  failure.  The  observation  of  the  sample  surface 
changes  seems  to  confirm  this  suggestion.  The  surface  appeared  to  be  smooth  and 
glossy  after  the  testing  in  contrast  to  that  of  the  manufactured  film. 

The  lowering  of  strength  starting  from  450°C  was  accompanied  by  a  color 
change  from  yellowish  to  metallic  blue  which  progressively  Increases,  until 
decomposition  (above  650°C)  where  the  material  became  black  and  lost  most  of  Its 
mechanical  properties.  The  considerably  lower  temperature  of  degradation  than 
observed  by  DSC  and  DTA  [20]  is  very  likely  due  to  thermo-oxidation  because  of 
the  presence  of  oxygen  In  the  testing  environment. 

On  the  basis  of  the  strain  prior  to  fracture  [12]  two  transitions  can  be 
Identified:  a  "brittle-ductile"  transition  taking  place  at  temperature  range  up 
to  200°C  and  reverse  "ductile-brittle"  transition  occuring  above  300°C.  The 
best  drawing  properties  were  observed  in  the  temperature  region  of  180°C-350°C 
where  a  nice  smooth  surface  finish  was  developed  during  the  test.  This  is  con¬ 
sistent  with  the  behavior  during  the  loading-unloading  cycles  (see  following 
discussion  In  corresponding  section).  Above  500°C  the  typical  brittle  fracture 
resulted  in  a  uniform  breakage  in  the  middle  of  the  specimen  (e.g.  samples  H  and 

I  in  Figure  V.D.3).  In  this  region  the  polymer  behavior  is  noticeably  effected  by 
the  degradation  process  as  it  can  be  clearly  seen  on  the  curve  corresponding  to 
the  temperature  dependence  of  elastic  modulus.  These  data  suggest  that  the  tem¬ 
perature  range  studied  can  be  divided  Into  three  regions.  In  the  first  region 
(30°C-300°C)  the  modulus  of  PBT  decays  with  the  temperature  similar  to  that  of 
other  polymers.  Since  lateral  Interactions  decrease  with  temperature  the 
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deformation  process  Is  facilitated  at  higher  temperature  and  larger  material 
Compliance  Is  observed.  The  modulus  reaches  Its  minimum  value  (50%  of  that  at 
ambient  temperature)  at  300°C.  The  second  region  Is  characterized  by  steady 
enhancement  until  the  modulus  reaches  a  new  maximum  (about  75%  of  the  Initial 
value)  at  575°C.  The  following  deterioration  of  the  mechanical  properties  is  most 
likely  due  to  thermal  degradation. 

According  to  a  previous  model  for  PBT  fibers  and  films  based  on  the 
exlstance  of  overstressed  buckled  elements  In  the  structure,  the  modulus  of  such 
a  material  will  be  governed  by  the  degree  of  straightening  of  these  elements. 

It  is  logical  to  assume  that  unbuckling  requires  a  smaller  applied  force  when 
the  temperature  is  raised.  The  yield  stress  varies  in  this  manner  over  the 
region  of  30°C-300°C  and  passes  through  a  minimum  in  the  region  of  250°C-400°C. 
Higher  stresses  are  required  for  plastic  deformation  at  temperatures  above 
400°C ,  since  the  material  becomes  stiffer.  This  suggests  that  the  motion  of  the 
structural  units  becomes  more  restricted  due  to  changes  in  the  Internal 
structure.  Apparently  the  five  minutes  of  thermal  conditioning  employed 
(essentially  a  short  term  nontensioned  heat  treatment)  is  sufficient  to  produce 
these  changes.  At  higher  temperatures  these  structural  changes  dominate  over 
the  softening  effect  of  temperature.  The  ratio  of  the  yield  stress  to  modulus, 
which  Is  essentially  the  strain  at  yield,  also  changes  with  the  temperature. 

The  value  of  0.005  calculated  at  room  temperature  Is  much  smaller  of  that  for 
typical  polymers  (0.025  [13-15])  most  likely  due  to  the  perfection  of  the  chain 
alignment. 
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2.  Heating-Cooling  Experiment 

Figure  V.D.4  shows  the  variation  of  the  modulus  as  a  function  of  temperature 
upon  cooling.  In  this  experiment,  samples  were  annealed  for  5  minutes  at  190°C 
(curve  B)  and  575°C  (curves  C  and  D)  then  the  temperature  was  lowered  and 
tensile  tests  were  carried  out  (after  conditioning  for  an  additional  5  minutes  at 
each  test  temperature).  The  lowest  curve  (A)  is  the  same  as  in  Figure  V.D.2  for 
comparison.  The  path  of  return  cooling  curves  is  different  to  that  of  the 
heating.  The  modulus  steadily  increases  upon  cooling.  After  untensioned 
annealing  at  575°C  the  performance  of  PBT  can  be  improved  in  such  a  way  that  at 
350°C  the  modulus  is  equal  to  over  80%  of  that  of  initial  sample  at  30°C,  and 
exceeds  the  initial  value  by  20%  when  completely  cooled  (data  on  the  curve  C). 

The  difference  between  the  three  cooling  curves  is  due  to  different 
measuring  procedures  employed.  While  curve  C  was  constructed  according  to  the 
mean  values  obtained  at  each  temperature  for  a  number  of  samples,  curves  B  and  D 
represent  the  measurements  done  on  single  specimen  throughout  the  entire  tem¬ 
perature  range.  Much  higher  values  of  modulus  are  achieved  upon  cooling  due  to 
strain  cycling  (work  hardening)  effect  for  these  multiply  tested  specimens  as 
reflected  in  curve  D.  Curve  B  (cooling)  is  likely  to  be  analogous  to  the  first 
part  of  curve  A  (heating  to  190°C).  The  deviation  in  modulus  values  observed 
can  be  accounted  for  the  same  effect  of  work  hardening.  These  observations 
suggest  structural  changes  are  Initiated  in  the  vicinity  of  300°C. 

It  is  also  interesting  to  compare  the  elastic  modulus  changes  upon  heating 
and  cooling  for  different  types  of  polymers.  The  experimental  data  for  three 


selected  polymers  are  combined  in  Figure  V.D.5.  Curve  A  shows  the  behavior  of  PBT, 
while  curves  B  and  C  represent  methyl  cellulose  (MC)  and  polymethylmethacrylate 
(PMMA),  respectively  [16],  The  rate  of  the  modulus  decrease  with  temperature  Is 
highly  dependent  on  molecular  backbone  stiffness.  In  the  case  of  flexible 
chains  (PMMA)  the  transition  Is  considered  as  a  glass-rubbery  state  transition 
and  overall  deformation  achieved  during  the  tensile  test  is  fully  recoverable. 

In  contrast  plastic  deformation  accumulates  upon  heating  for  MC  and  PBT.  The 
noticeable  Irreversible  increase  in  the  modulus  of  MC  measured  above  200°C  is 
accounted  for  the  development  of  crystallinity  in  a  previously  amorphous 
polymer.  PBT  is  characterized  as  a  single  phased  material  [9],  and  it  seems 
that  the  changes  in  its  structure  follow  a  similar  path  overall  general  perfec¬ 
tion  of  molecular  order. 

3.  X-ray  Data 

The  irreversible  changes  of  structure  with  heat  treatment  of  PBT  could  be 
detected  by  means  of  X-ray  diffraction.  WAXS  flat  film  patterns  for  PBT  films 
tensioned  (during  the  tensile  test)  at  different  temperatures  (30°C;  370°C  and 

650°C)  are  compared  in  Fiqure  V.D.6.  It  is  evident  that  for  higher  temperature  a 
lower  azimuthal  spread  of  the  major  equatorial  reflections  is  observed.  This  is 
associated  with  significant  increase  in  the  axial  orientation.  There  is  also  an 
increase  in  extent  and  perfection  of  the  lateral  molecular  order  as  observed 
from  the  decreased  radial  breadth  of  the  same  reflections.  Increase  in  the 
lateral  "crystallite"  size  accompanied  by  a  simulatneous  overall  orientation 
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Improvement  has  been  previously  suggested  on  the  basis  of  study  of  the  heat 
treatment  on  P6T  fibers  and  films  [4,7,9].  These  morphological  changes  are 
substantially  enhanced  when  tension  Is  applied  during  heat  treatment  and  results 
In  greater  Improvement  of  mechanical  properties  of  PBT  as  shown  in  Allen's  work 
[9].  Accumulation  of  plastic  deformation  during  the  multiple  tests  on  the  same 
sample  leads  to  higher  modulus  value  achieved  upon  the  cooling  In  our  experiment 
(compare  curves  C  and  D  In  Figure  V.D.4). 

4.  Work-hardening  Effect 

A  separate  series  of  experiments  consisted  of  tensioning  PBT  films  for  a 
number  of  cycles  at  at  various  temperatures.  Typical  data  are  represented  in 
Figure  V.D.7.  The  ratio  of  modulus  after  cycling  to  the  initial  modulus  (Ec/Eo)  is 
strongly  dependent  on  the  temperature  and  tension  applied.  The  most  efficient 
work  hardening  effect  was  observed  In  the  temperature  region  corresponding  to 
the  extremum  of  the  dependence  E(T) ,  eF(T)  and  oy(T).  The  modulus  may  reach 
100%  or  higher  with  the  number  of  cycles  required  relatively  small  (3-7)  and 
dependent  on  the  temperature  and  the  load  amplitude. 

E.  Activation  Volume 

It  would  be  Interesting  to  know  whether  appreciable  changes  In  activation 
volume  occur  as  the  polymer  changes  Its  state.  Different  experimental  methods 
for  estimating  the  activation  volume  have  been  recently  reviewed  [17].  A 
method  which  employs  a  series  of  constant  strain-rate  tests  is  most  appropriate 
for  our  investigation. 
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Stress-strain  characteristics  of  PBT  were  obtained  at  different  strain 
rates  and  different  temperatures  (30°C,  160°C,  305°C  and  450®C).  The  experimen¬ 
tal  curves  for  30°C  a'nd  160°C  are  given  in  Figure  V.E.l.  The  yield  stress  is 
plotted  as  a  function  of  logarithmic  strain  rate  in  Figure  V.E.2.  The  data  show 
that  the  yield  stress  depends  strongly  on  the  strain  rate  at  room  temperature 
whereas  the  dependence  is  very  small  at  305°C  and  450°C.  At  these  temperatures 
the  material  is  seen  to  pass  Into  a  state  where  the  yield  process  becomes  almost 
time  independent. 

The  observed  linearity  of  the  dependence  of  the  yield  stress  on  the  strain 
rate  (or  time)  at  constant  temperature  can  be  described  by  the  Eyring  theory 
which  deals  with  an  activated  rate  process  [18].  The  Eyring  equation  for  an 
activated  rate  process  can  be  written  in  terms  of  strain  rate  and  temperature  as 


eo 


exp  -  ( 


AU-OyV*) 

kT 


(1) 


where  eo  *s  a  constant,  AU  is  the  activation  energy  for  an  activated-rate 
process,  oy  is  the  yield  stress,  V*  is  the  stress  activation  volume,  k  is  the 
Boltzmann  constant  and  T  is  the  absolute  temperature.  This  equation  implies 
that  stress  at  yield  and  the  logarithm  of  strain  rate  have  a  linear  relationship 
with  a  slope  given  by 


3oy  =  kT 
(3ine)y  V* 


(2) 


87 


Figure  V.E.3,  shows  the  calculated  values  of  the  stress  activation  volume  V* 
plotted  as  a  function  of  test  temperature.  A  relatively  small  increase  of 
the  activation  volume  with  test  temperature  is  observed  in  the  lower  tempera¬ 
ture  range.  There  is,  however,  a  rapid  increase  in  V*  for  test  temperature 
at  300°C  and  above.  Above  approximately  300°C  the  activation  volume  is 
nearly  independent  of  temperature.  The  activation  volume  estimated  for 
temperatures  above  300°C  is  approximately  an  order  of  magnitude  higher  than 
that  estimated  for  temperatures  below  150°C. 

1.  Extension-Contraction 

In  this  experiment,  axial  stress  was  constantly  monitored  as  the  tempera¬ 
ture  was  raised  from  ambient  to  650°C,  while  the  length  of  specimen  was  held 
constant.  We  found  that  a  measurable  shrinkage  force  is  developed  at  a  very 
early  stage  of  heating  even  with  no  initial  constraint  (Figure  V.E.4,  curve  A). 

The  force  reaches  a  maximum  at  approximately  80°C  and  decays  to  zero  at  about 
150°C.  In  this  region,  a  continuous  elongation  of  the  film  occurs.  With 
increased  temperature  a  very  rapid  increase  in  the  retractive  force  occurs  at 
about  600°C.  Results  obtained  on  the  preloaded  samples  follow  a  similar  trend 
except  that  the  Initial  shrinkage  force  has  been  over-balanced  by  a  higher 
applied  stress  on  the  sample.  The  temperature  of  the  recovery  (full  release  of 
the  applied  stress),  the  temperature  where  new  contraction  starts  and  the  tem¬ 
perature  for  the  maximum  of  the  shrinkage  force  are  strongly  dependent  on  the  pre- 
loading  regime  (see  Figure  V.E.5).  The  rate  of  contraction  at  high  temperatures 
Indicates  the  intensity  of  the  structural  reorganization,  the  latter  can  be 
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manipulated  by  the  applied  temperature  and/or  tension  within  the  limits  of 
material  strength  and  thermal  stability.  A  combination  of  150-200  MPa  tension 
at  630°C-670°C  was  found  optional  on  the  basis  of  systematic  study  for  PBT  fiber 
heat  treatment  [9], 

Although  the  Interrelationship  between  applied  force,  temperature  and  sample 
shrinkage  Is  evident,  the  mechanism  of  the  sample  extension-retraction  behavior 
with  heat  treatment  remains  unclear.  Generally  the  changes  in  the  material  pro¬ 
perties  under  the  Influence  of  heating  and  tension  are  certainly  related  to 
straightening  of  the  buckled  segments  of  the  microfibrils  and  further  perfecting 
of  structure.  The  observed  modulus  increase  with  the  higher  test  temperature 
also  may  suggest  a  denslflcation  mechanism  (loss  of  microvoids)  In  analogy  with 
plastically  deformed  carbon  fibers  [22].  More  advanced  discussion  is  difficult 
because  it  is  hard  to  separate  all  the  effects  including  the  Influence  of  resi¬ 
dual  solvent  found  in  starting  material  [10], 

F.  Conclusion 

The  deformation  behavior  of  poly(p-phenylene  benzobisthi azole)  films  which 
consist  of  a  fibrillar  structure  composed  of  highly  oriented  rod-like  molecular 
bundles  was  studied  as  a  function  of  temperature  and  strain  rate.  Both  the 
tensile  modulus  and  yield  stress  show  a  similar  temperature  dependence.  They 
decrease  slowly  under  the  influence  of  Increasing  temperature  to  minimum  values 
around  300°C;  and  after  then  they  start  to  increase  with  the  test  temperature. 
Upon  cooling  the  elastic  modulus  of  PBT  films,  annealed  at  600®C,  increases  with 
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decreasing  test  temperature.  The  considerable  enhancement  of  modulus  Is  similar 
to  that  produced  by  tensioned  heat  treatment. 

Cyclic  deformation  and  tensioned  heat  treatment  of  PBT  films  Improve  the 
overall  orientation  and  the  lateral  ordering  of  the  structure  which  consequently 
enhances  the  strength  and  modulus.  The  interrelationship  between  tension  and 
temperature  Is  such  that  similar  results  may  be  achieved  by  either  variable 
within  the  limits  of  the  material  strength  and  thermal  stability. 

The  yield  stress  of  PBT  Increases  linearly  with  the  strain  rate  at  a 
chosen  test  temperatures.  This  behavior  can  be  modeled  in  terms  of  a  single 
activated  rate  process.  The  stress  activation  volume  for  the  deformatl onal  pro¬ 
cesses  calculated  from  the  Erying  rate  theory  showed  a  rapid  10  fold  increase  In 
the  region  of  150-300°C  to  a  constant  activation  volume  at  higher  temperatures. 
The  stress  at  break  of  the  PBT  films  remained  nearly  unchanged  over  a  con¬ 
siderable  temperature  range  {up  to  500°C),  which  indicates  good  strength  at  high 
temperatures.  The  strain  at  break  showed  a  temperature  dependence  with  a 
maximum,  around  300°C,  which  may  be  considered  as  an  optimum  temperature  for 
ductile  behavior. 

Tensioned  PBT  films  showed  an  expansion-contraction  behavior  upon 
successive  heating,  associated  with  mobility  changes  of  structural  elements  in 
the  polymer  system  which  leads  to  an  irreversible  change  in  thermomechanical 
properties. 
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Figure  V.C.l 

Schematic  of  the  test  arrangements;  A-sample;  B-clamps  of  the  testing  machine 
C-thermocouple;  D-heating  wire;  E-thermoresistant  glass;  F-insulation. 


t 


Stress-strain  curves  at  various  temperatures  for  PBT  film  at  a  strain  rate 
0.08  x  10-3  sec-'. 
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TEMPERATURE, °C 


Figure  V.D.2. 

Effect  of  test  temperature  on  the  relative  changes  of  the  mean  values  of: 
1)  ultimate  strength  (••§);  2)  Young's  modulus  (ooo);  3)  yield  stress  (aaa) 
4)  elongation  of  PBT  film  (ooo). 


Figure  V.D.4 


TEMPERATURE, °C 


Variation  of  the  modulus  as  a  function  of  temperature  in  heating-cooling 
experiment.  Notation  explained  in  the  text. 


Figure  V.D.5 

Modulus  vs.  test  temperature  for  various  polymers:  PBT,  methyl  cellulose 
and  poly (methyl methacrylate). 


Figure  V.D.6 

The  WAXS  Flat  film  patterns  of  1)  the  as-extruded  sample  and  2)  tensioned 
at  300°C  and  650°C  samples. 
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NUMBER  OF  CYCLES 

Figure  V.D.7 

The  dependence  of  modulus  increase  measured  at  different  temperatures  on 
the  number  of  cycles  -  top  A:  for  a  load  amplitude  795  MPa;  bottom  B:  for 
a  load  amplitude  320  MPa. 
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Figure  V.E.2 
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The  yield  stress  of  PBT  as  a  function  of  temperature  and  strain  rate. 
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Figure  V.E.3 


The  dependence  of  the  activation  volume  on  the  temperature. 
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Figure  V.E.4 

Force-temperature  dependence  for  PBT  film:  without  external  constraint  and 
with  an  applied  stress  of  16  MPa,  160  MPa  and  290  MPa. 


Figure  V.E.5 

The  shrinkage  force  as  a  function  of  applied  tension  prior  to  annealing. 
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SECTION  VI:  FORCE-TEMPERATURE  BEHAVIOR  OF  RIGID  ROD  POLYMERIC  FIBERS 


A.  Introduction 

Force  versus  temperature  (F-T)  experiments  have  been  used  extensively  for 
the  thermodynamic  analysis  of  rubbers  [1,2].  More  recently,  the  force- 
temperature  behavior  of  elastomeric  materials  has  been  used  to  examine  structure 
property  relationships  [3,4],  In  this  paper,  force-temperature  analysis  Is 
extended  to  anisotropic  rigid  rod  polymeric  fibers;  Kevlar®29,  Kevlar®49, 
(duPont's  heat  treated  version  of  Kevlar®29),  as-spun  poly  (p-phenylene 
benzolsthlazole)  and  heat  treated  PBT. 

Thermal  expansion  properties  of  materials  may  be  readily  examined  from 
simple  force-temperature  experiments.  Writing  the  total  differential  for  force, 
f,  in  terms  of  length,  L,  and  temperature,  T,  one  can  readily  obtain  the  rela¬ 
tion 


f  af  /a  f  . 

Wl  '  Wt  Wf 


(i) 


Normalizing  the  equation  by  a  reference  area  Aq  and  length  L0,  the  equation 
becomes 

-(&$.■  -Ea-  -  <2> 

where  o  =  uniaxial  stress 
e  *  uniaxial  strain 
E  «  Youngs  modulus 


a  =  linear  thermal  expansion  coefficient 


The  slope  of  the  axial  stress  versus  temperature  plot  Is,  therefore,  the 
negative  product  of  the  axial  modulus  and  the  axial  thermal  expansion 
coefficient.  The  thermal  expansion  coefficient,  a,  can  be  obtained  from  the 
slope  of  the  (F-T)  curve  If  the  modulus  Is  determined  Independently. 

Additionally,  this  technique  provides  a  unique  way  to  study  material  changes 
during  the  heat  treatment  processing  of  these  fibers.  Recently,  a  systematic 
study  of  the  effects  of  heat  treatment  parameters  (tension,  temperature,  resi¬ 
dence  time)  on  the  mechanical  properties  of  PBT  has  been  performed  [5,6].  From 
that  work.  It  has  been  shown  that  both  thermal  Input  (temperature)  and  mechanical 
Input  (tension)  are  important  factors  for  enhancement  of  the  mechanical 
properties.  In  this  paper,  experiments  examining  the  F-T  behavior  of  PBT  and 
Kevlar®  are  undertaken  to  examine  any  possible  correspondence  between  thermal 
and  mechanical  Input  during  heat  treatment  processing. 

B.  Experimental 

A  schematic  of  the  force-temperature  apparatus  employed  in  this  work  Is 
shown  in  Figure  VI.B.l.  A  30  cm  yarn  sample  was  fed  through  the  oven;  one  end  was 
clamped  to  a  load  cell  while  the  other  end  was  attached  to  a  movable  clamp.  The 
sample  was  stretched  to  a  fixed  length  by  adjustment  of  the  movable  clamp  and 
the  temperature  of  the  oven  was  controlled  manually  with  a  varlac  at  a  rate  of 
approximately  5°C/m1n.  The  temperature  was  monitored  by  a  platinum  resistance 
(RDT)  thermocouple  situated  In  the  middle  of  the  oven.  The  resulting  stress  and 
its  change  with  temperature  was  monitored  on  an  X-Y  recorder.  To  prevent  degra¬ 
dation  of  the  material  at  the  high  temperatures  achieved,  nitrogen  was  con¬ 
tinuously  flushed  through  the  oven. 
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The  PBT  fibers  Investigated  In  this  work  were  dry-jet  wet  spun  at  the 
Celanese  Research  Company  from  anisotropic  polymer  solutions  of  approximately  10 
wt%  PBT  In  polyphosphorlc  acid.  These  same  fibers  were  heat  treated  at  650°C 
for  8  seconds  and  are  designated  PBT-HT.  Kevlar®29  yarn  and  Kevlar®49  yarn  were 
obtained  commercially  from  duPont.  Steel  yarn  was  obtained  from  Bekeart 
Steel wire  Corporation. 

The  tensile  properties  for  these  materials  were  determined  on  single  fila¬ 
ments  In  accordance  with  ASTM  standards  for  testing  high-modulus  single  filament 
materials  [7].  Reported  moduli  were  corrected  for  the  compliance  of  the 
testing  machine  and  were  based  on  the  linear  densities  of  the  materials.  The 
denlers  were  furnished  for  PBT,  by  the  Celanese  Research  Co.,  and  for  Kev1ar®29 
and  Kevlar«49  by  duPont,  [7,8],  The  denier  of  the  steel  yarn  was  calculated  by 
weighing  the  sample. 

Wide  angle  X-Ray  diffraction  results  were  obtained  from  both  diffractometric 

and  flat  film  techniques.  Flat  film  fiber  patterns  were  obtained  in  a  Warhus 
(Statton)  camera  employing  pin-hole  (0.2mm)  colllmation  and  a  sample  to  film 
distance  of  18  mm.  Diffractomer  (20)  scans  of  equatorial  reflections  were 
obtained  on  a  Siemens  D-500  diffractometer  utilizing  line  focus  collimatlon. 
Incident  beam  diffractometer  slits  of  0.3°  (20)  with  a  final  slit  of  .15®(20) 
were  used  for  a  scan  rale  of  l°(20)/m1n.  CuKa  tubes  operated  at  40KV  and  30  mA 
were  used  for  both  the  Warhus  camera  and  Siemens  diffractometer. 


C.  Results  and  Discussion 

According  to  equation  (2),  materials  possessing  a  positive  thermal  expansion 
coefficient  (as  most  materials  do),  will  experience  a  stress  drop  with 
increasing  temperature  when  maintained  at  constant  length.  To  test  the 
validity  of  this  equation  and  the  accuracy  of  the  F-T  apparatus,  a  steel  yarn  was 
first  examined.  A  stress  drop  with  Increasing  temperature  is  observed  for  the 
steel  yarn  (Figure  VI.C.l)  indicating  a  positive  thermal  expansion  coefficient,  as 
expected.  The  F-T  behavior  Is  reversible  on  cooling  and  the  thermal  expansion 
coefficient  calculated  from  the  slope  of  the  F-T  curve  is  approxlmatey  7  x  10"6/°C 
based  on  a  modulus  of  250  g/d.  Since  steel  Is  known  to  have  a  thermal 
expansion  coefficient  of  9-11  x  10"*7°C  [8],  the  calculated  value  for  a  Is  In 
reasonable  agreement  considering  the  experimental  errors  Inherent  In  the  appara¬ 
tus  such  as  a  30°C  temperature  distribution  within  the  oven,  possible  load  cell 
compliance,  as  well  as  the  neglect  of  any  thermal  expansion  of  the  clamps. 

The  F-T  behavior  of  the  heat  treated  PBT  yarn  is  shown  in  Figure  VI.C.2a.  The 
stress  Is  observed  to  Increase  with  Increasing  temperature  Indicating  the 
existence  of  a  negative  thermal  expansion  coefficient.  Similar  behavior  Is 
displayed  by  the  Kevlar®49  yarn  as  shown  In  Figure  VI.C.2b.  Although  the  modulus  of 
PBT  and  Kevlar*  Is  known  to  vary  with  temperature  [6],  the  thermal  expansion 
coefficient  can  be  approximated  using  the  room  temperature  modulus  values  of 
1600g/d  for  PBT-HT  and  lOOOg/d  for  Kevlar  49®.  In  these  calculations,  the  yarn 
modulus  Is  approximated  by  the  single  filament  modulus.  The  calculated  thermal 
expansion  coefficient  for  PBT-HT  is  approximately  -1.1  x  10"®/°C  and  approxima¬ 
tely  -3.2  x  10_®/°C  for  Kevlar®49.  This  value  of  o  for  Kevlar®49  is  In  close 
agreement  with  reported  values  of  -2  to  -4  x  10-6/°C  [9], 
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From  the  F-T  behavior  of  Kevlar®49  (Figure  VI.C.2b),  it  is  observed  that  the 
stress  does  not  Increase  linearly  with  temperature  between  50°C  -  100°C.  On 
cooling  followed  by  subsequent  reheating,  the  stress  Is  observed  to  vary 
linearly  over  this  same  temperature  range.  In  order  to  understand  this  initial 
behavior,  a  sample  of  Kevlar®49  was  heated  to  200°C,  cooled  and  allowed  to  relax 
at  room  temperature  at  atmospheric  conditions  for  24  hours.  Upon  reheatinq.  the 
initial  non-linear  behavior  returns  as  shown  in  Figure  VI. C. 3.  A  similar  sample  which 
Is  heated  to  200°C,  cooled,  then  placed  in  a  desiccated  environment  for  24 
hours,  exhibited  a  linear  increase  In  stress  with  temperature  upon  reheating 
(see  Figure  VI. C. 3). 

It,  therefore,  appears  most  likely  that  moisture  absorption  by  Kevlar®49 
causes  this  Initial  Irreversible  nonlinearity  of  the  stress  versus  temperature 
curve.  The  removal  of  residual  moisture  is  accomplished  by  the  application  of 
heat  as  evidenced  by  the  linearity  of  the  cooling  curve.  After  removing  the 
residual  moisture,  the  stress  level  at  room  temperature  Is  lower  than  stress 
level  at  room  temperature  before  the  application  of  heat  (see  Figure  VI. C. 3).  This 
result  Is  consistent  with  the  possibility  the  Kevlar®  has  a  negative  axial 
swelling  coefficient  whereby  the  material  gets  longer  when  it  dries. 

Since  the  F-T  profile  for  the  PBT-HT  sample  is  linear  and  completely 
reversible,  PBT-HT  yarn  appears  to  be  less  moisture  sensitive  than  Kevlar®49. 

The  F-T  behavior  of  the  as-spun  PBT  and  Kevlar®29  yarns  are  most 
interesting  as  shown  1nnFigure  VI. C. 4.  For  both  materials,  there  is  a  dramatic 
stress  drop  with  increasing  temperature  after  the  fiber  has  reached  a  critical 
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temperature  denoted  as  Ty.  In  addition,  the  behavior  of  these  fibers  are  seen  to 
depend  on  their  thermal  history  whereby  the  material  upon  cooling  and  subsequent 
reheating  displays  a  linearly  reversible  behavior  up  to  the  maximum  temperature 
It  has  been  exposed  to  previously.  At  that  point,  the  material  again  exhibits  a 
drop  In  stress. 

It  Is  suggested  that  the  observed  stress  drop  with  increasing  temperature  Is 
associated  with  a  change  In  molecular  order  or  more  simply,  with  the  onset  of 
effective  heat  treatment.  If  this  is  so,  then  a  fiber  would  be  expected  to  exhi¬ 
bit  enhanced  mechanical  properties  and  increased  molecular  order  If  it  has 
undergone  a  force-temperature  history  where  Ty  Is  observed. 

A  comparison  of  wide  angle  X-ray  diffraction  patterns  of  Kevlar®29  and 
Kevlar®29  forced  temperature  cycled  (FTC)*  shows  sharpening  of  the  equatorial 
reflections  In  the  FTC-Kevlar«29  (Figure  Vl.C.b),  indicative  of  an  improvement  in 
the  extent  and  perfection  of  lateral  molecular  order.  In  addition,  there  Is  a 
sharpening  of  the  meridional  reflections  which  are  now  quite  similar  to  those 
observed  for  Kevlar*49. 

The  WAXS  diffraction  patterns  of  as-spun  PBT  yarn  before  and  after  the  force 
temperature  cycling  reveal  no  readily  observable  differences  (see  Figure  VI. C. 6). 
However,  line  profile  analysis  of  the  equatorial  reflections  shows  a  narrowing 
(measured  as  the  full  width  at  half  maximum  intensity  above  background  (FWHM)) 
for  the  FTC-PBT  (see  Table  VI.C.l).  In  addition,  there  is  a  shift  in  the  peak  posi¬ 
tion  to  lower  scattering  angles.  Such  narrowing  of  the  peaks  and  the  shifting 
of  the  peak  positions  indicate  the  existence  of  a  higher  degree  of  perfection  of 
the  lateral  molecular  order  [6]. 

*  The  sample  was  subjected  to  a  load  of  5g/d,  heated  to  300°C  and  cooled  to 
room  temperature. 
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The  tensile  properties  of  Kevlar®29,  FTC-Kev1ar®29,  as-spun  PBT  and  FTC- 
PBT  are  shown  In  Table  VI. C. 2.  For  both  Kevlar®29  and  as-spun  PBT,  there  is  an 
enhancement  of  modulus  with  a  reduction  in  strain  at  break  for  the  cycled 
material.  For  PBT,  the  strength  also  Increases  when  cycled  whereas  for  Kevlar®29, 
the  strength  Is  the  same  within  experimental  error.  This  data  agrees  with  known 
changes  in  mechanical  properties  due  to  heat  treatment  of  PBT  and  Kevlar®  [5, 
10,11]. 

Both  Kevlar®29  and  as-spun  PBT  exhibit  enhanced  mechanical  properties  and 
increased  molecular  order  after  It  has  undergone  a  force-temperature  history  In 
excess  of  Tj.  Thus,  It  Is  evident  that  the  dramatic  stress  drop  observed  In  the 
force  temperature  behavior  of  these  materials  depicts  the  onset  of  material 
change  or  of  effective  heat  treatment. 

The  temperature  of  the  onset  of  heat  treatment,  TT  ,  is  dependent  upon  the 
applied  stress  as  shown  In  Figure  VI. C. 7  for  both  as-spun  PBT  and  Kevlar®29.  With 
increasing  applied  stress,  Tj  decreases.  By  increasing  the  mechanical  Input 
(stress  applied),  less  thermal  Input  (temperature)  Is  required  to  reach  the 
activation  energy  required  to  induce  material  changes.  The  experimental  data 
indicates  that  there  Is  a  linear  correspondence  between  these  two  heat  treatment 
parameters:  stress  and  temperature.  In  addition,  the  slopes  of  Tj  vs.  applied 
stress  for  Kevlar®29  is  greater  than  that  of  as-spun  PBT.  Thus,  the  onset  of 
material  changes  for  Kevlar®29  is  much  more  sensitive  to  the  application  of 
tension  than  as-spun  PBT,  while  the  onset  of  material  changes  In  as-spun  PBT  are 
more  sensitive  to  temperature. 
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D.  Summary 


Force-temperature  analysis  provides  a  unique  way  to  study  the  thermal  expan¬ 
sion  properties  of  a  material.  For  PBT-HT  and  Kevlar  49®,  the  thermal  expansion 

coefficients  are  evaluated  to  be  approximately  -1.1  x  10  6/°C  and  -3.2  x 
10-6/°C,  respectively.  The  F-T  technique  provides  a  unique  way  to  study  the 
heat  treatment  processing  of  fibers.  F-T  results  for  as-spun  PBT  and  Kevlar®29 
display.  In  the  form  of  a  dramatic  stress  drop,  material  changes  as  evidenced  by 
mechanical  and  structural  changes  which  are  due  to  a  heat  treatment  process. 

A  linear  correspondence  between  the  temperature  at  which  the  stress  drop  begins, 
Tt,  (thermal  input)  and  the  initial  stress  applied  (mechanical  input)  to  induce 
material  changes  is  found. 

From  the  F-T  behavior  of  Kevlar®29  as  as-spun  PBT,  It  Is  evident  that  these 
materials  do  not  exlblt  a  linear  thermal  elastic  behavior  whereas  Kevlar®49, 
PBT-HT  and  steel  do.  This  complex  history  dependent  behavior  should  be  care¬ 
fully  considered  In  any  engineering  use  of  Kevlar®29  and  as-spun  PBT. 

It  Is  proposed  that  Kevlar®29  and  as-spun  PBT  should  exhibit  considerably 
more  creep  under  constant  stress  with  the  application  of  heat  than  their  heat 
treated  counterparts.  It  Is  suggested  that  the  creep  behavior  of  these 
materials  Is  not  viscous  In  origin  since  it  is  believed  to  be  associated  with  a 
change  In  structure.  The  strain-temperature  behavior  of  these  rigid  rod 
materials  warrants  further  investigation. 


References 


1.  P.J.  Flory,  "Principles  of  Polymer  Chemistry,  Cornell  University  Press, 

New  York,  1953. 

2.  J.  Aklonis,  W.J.  MacKnight  and  M.  Schen,  "Introduction  to  Polymer 
Viscoelasticity,  Wiley-Interscience,  New  York,  1972. 

3.  D.X.  Wang,  R.E.  Lyon  and  R.J.  Farris,  J.  Macromolecular  Science, 
submitted. 

4.  T.  Okino,  M.  Maruta  and  K.  Ito,  "Thermal  Stress/Strain  Analyzer  and  Its 
Applications,"  ed.  B.  Miller,  Thermal  Analysis,  John  Wiley,  New  York, 

1976. 

5.  S.R.  Allen,  R.J.  Farris  and  E.L.  Thomas,  J.  Materials  Science,  20, 

2727  (1985). 

6.  R.S.  Allen,  Ph.D.  Dissertation,  University  of  Massachusetts,  1983. 

7.  A STM  D3379-75e  Standard  Test  Method  for  Tensile  Strength  and  Young's 
Modulus  of  High  Modulus  Single  Filament  Materials  ASTM,  Philadelphia, 

1975. 

8.  L.H.  Van  Vlack,  "Elements  of  Material  Science  &  Engineering,  Addison- 
Wesley,  1975,  Appendix  C. 

9.  Kevlar  Aramid  Data  Manual,  duPont  Textile  Fibers  Department,  October,  1976. 

10.  duPont  Technical  Information  Report,  "Characteristics  and  Uses  of  Kevlar 
29  Aramid,"  September,  1976. 

11.  DuPont  Technical  Information  Report,  "Characteristics  and  Uses  of  Kevlar 
49  Aramid  High  Modulus  Organic  Fibers,"  February,  1978. 


109 


TABLE  VI.C.l 

WAXS  DIFFRACTIOMETRIC  DATA  OF  AS-SPUN  PBT  (28555-50-2) 


Sample 

As-spun 

PBT 

Cycled 

PBT 

Peak  Number 

Position 

el  e2 

16.3°  25.9° 

el  e2 

15.4°  25.6° 

Peak 

Width 

5°  4.5° 

3.2° 

4.1° 

TABLE  VI. C. 2 

MECHANICAL  PROPERTIES 

Sampl  e 

As-spun  PBT 

FT  Cycled  PBT 

Kevlar*29 

FT  Cycled  Kevlar*29 

Modulus 

700  gpd  ♦  100  gpd 

1440  gpd  +  90  gpd 

600  gpd  +  100  gpd 

1145  gpd  +^  180  gpd 

Strength 

8  gpd  +0.8  gpd 

10.0  gpd  1.25  gpd 

26  gpd  +_  5  gpd 

23  gpd  +  3  gpd 

Strain 

2.  IX  ♦  0.2X 

0.7X  ♦  0.1X 

3.9X  +  0.4X 

2.5X  +  0.8X 
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Figure  VI.B.l 

Schematic  of  force-temperature  apparatus. 


Ill 


Figure  VI.C.l 

Force  versus  temperature  profile  for  steel  yarn  (solid  line  =  heating; 
dashed  line  =  cooling). 
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Figure  VI. C. 2 

a)  Stress  versus  temperature  profile  for  PBT  heat  treated  yarn  at  650°C  for 
8  seconds  (solid  line  =  heating;  dashed  line  =  cooling),  b)  Stress  versus 
temperature  profile  for  Kevlar®49  yarn  (solid  line  =  heating;  dashed  line  = 
cooling). 
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Figure  VI. C. 3 

Stress  versus  temperature  profile  of  Kevlar®49  yarn  24  hours  after  the  first 
heating  cycle  (solid  line  =  undesiccated;  dashed  line  =  desiccated). 
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Figure  VI. C. 4 

a)  Stress  versus  temperature  profile  of  as-spun  PBT  yarn  (solid  line  =  heating; 
dashed  line  =  cooling),  b)  Stress  versus  temperature  profile  of  Kevlar®  yarn 
(solid  line  =  heating;  dashed  line  =  cooling). 
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Figure  VI. C. 5 

Wide  angle  X-ray  diffraction  patterns  of  a)  Kevlar®29,  b)  FTC-Kevlar®29, 
c)  Kevlar®49. 


Figure  VI. C. 6 

Wide  angle  x-ray  diffraction  patterns  of  PBT  a)  as-spun,  b)  FTC-PBT. 
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Figure  VI. C. 7 

Plot  of  T_,  temperature  of  onset  of  stress  drop,  versus  applied  stress  for 
0  =  PBT  (As-spun),  •  =  Kevlar®29. 
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